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SUMMARY 
Elastohydrodynamic Lubrication has been recognized as an important 
mode of lubrication, especially of nonconforming machine elements. This 
research is aimed towards answering the question how and when does an elas-
tohydrodynamic film fail. It envisages a better understanding of several 
phenomena like thermal effects, asperity interactions characteristic of 
rough surfaces operating under severe conditions, and transition from elas-
tohydrodynamic to boundary regimes of lubricated concentrated contacts. 
The present research consists of the development of a reliable tech-
nique for measuring the ball surface and fluid film temperatures in an 
elastohydrodynamic contact. This technique is then used to determine temp-
eratures at peak Hertz pressures from 0.52 GPa (75,500 psi) to 2.03 GPa 
(294,000 psi) for sliding speeds ranging from 0.02 m/s to 12.7 m/s including 
varying amounts of rolling. The measured temperatures are compared with 
values predicted using Blok-Jaeger-Archard surface flash temperature theory. 
Effects of surface roughness as they influence the surface temperatures 
are explored using rough balls. Finally, high frequency temperature fluc-
tuations emanating from interacting asperities are measured and used to 
predict the onset of severe asperity interactions. A digital frequency 
analysis of surface profiles before and after running is also performed 
and correlations with temperature fluctuations are made. Results obtained 
indicate that only a band of wavelength of surface features is important 
1 ~ As 
for any given application, such as — j< £ _< 2; X = -r—, where A is the wave-
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a^a- Constant in AT, versus R correlations 
1 2 b a 
b-^b^.b^b, Constants in £„ and T„ 
1 2' 3 4 F F 
c specific heat, J/(kg*K) 
C Auto-correlation function 
d Hertzian contact diameter = 2a,m 
/ 2 
E Modulus of elasticity of the two contacting surfaces, N/m 
2 T 2 
2 l-^st 1" vsa. 
E' Effective modulus of elasticity, where -=-f = [— -*—^ . 
st sa 
h Film thickness at contact center, m 
c 
h Minimum film thickness, m 
m 
2 
H Hardness, N/m 
k Thermal conductivity, W/(mK) 
K^ = fi'H/(W'S), Wear Coefficient 
L Non-dimensional time parameter = t_ /t_ = -z— » ^ L * " 
Peclet number) 
I Length, ra 
2 
N Radiation, W/(sr*m ) 
AN = N - N . 
max m m 
n Fringe order 
P(w) Power spectrum 
P., Peak Hertz contact pressure, Pa 
rl 
— 2 
q Heat flux, W/ra 
XV 
r Correlation coefficient 
R..,R„ Radii of the two contacting surfaces, m 
R — ± -zr- , equivalent radius of conjunction, m 
Rl R2 
(for external and intenaal contacts respectively) 
S Distance travelled by ball surface, mm 
t Time, s 
2 
t1 Thermal diffusion time - a /2a,s 
t9 Characteristic resident time = a/V,s 
T Temperature, C 
T, ,, Bath Temperature, C 
bath ^ ' 
AT Temperature rise, C 
T* =T + 273.16, K 
T Upstream (bulk) temperature, C 
Tf Surface flash temperature, C 
T Critical temperature, C 
TC Traction coefficient 
V' Voltage output of IR detector preamplifier 
V Surface Velocity, m/s 
V Rolling velocity = (V, 4- V )/2 , m/s 
b sa 
V̂ .. Break-point velocity in correlation study, m/s 
Dr 
V Sliding velocity = V — V , m/s 
s o sa 
W Normal load, N 
x Distance along surface, m 
a = k/yc 
a' Lubricant absorptivity, in 
B Length shift in computing autocorrelation function, m 
B Correlation distance, m 
xvi 
3 
Y density, kg/m 
K. A constant = .968 a1/2a
1/2/k, m 3 / 2s 1 / 2 C/N 
e Emissivity 
C Refractive index of Lubricant 
il Attenuation factor 
A h /a 
c 
A Wavelength, m 
A Wavelength on Surface, in 
2 
u Viscosity, Ns/m 
v Poisson's ratio 
£ Fringe radius, ra 
p Reflectivity 
P1 Air/sapphire interface reflectivity 
p? Lubricant/sapphire interface reflectivity 
* 2 2 
P = p l + T s ̂  ~
 Pl^ p2 




a +0 , composite, surface roughness, rms or R , m 
D S 3, cL 
a. Ball surface roughness, rms or R , m 
b a 
a Sapphire surface roughness, rms or R , m 
S3. cL 
a Rms slope of asperities 
o 
T Transmissivity 
AcJ> Phase change, rad 
(JO Wave numbers = 1/A, m 
3 
















A. Need for Study of Tribology 
Tribology has been defined as the science and technology of 
interacting surfaces in relative motion. The science of tribology 
plays a vital role in our advanced technological society. Friction 
consumes and wastes energy. The loss of energy due to friction is 
very high. A conservative estimate of the frictional energy loss 
[1], reveals a figure of one-third to one-half of the total produc-
tion of energy in the world. Wear causes changes in dimensions, and 
eventual breakdown of the machine element and the entire machine and 
all that depends on it. 
Several reasons for studying tribology are: reducing the waste 
of world's production of energy, conserving critical natural resources, 
maintaining production schedules in a plant, and increasing the effec-
tive service life of machines. 
Tribology is concerned with the entire realm of interacting 
surfaces in relative motion and as such, is interdisciplinary, requir-
ing attention from virtually all branches of science. 
From the macroeconomic point of view, the Jost report [2] 
quoted a possible savings of $1.24 billion per annum for the United 
Kingdom in 1966 through a systematic study and implementation of tri-
bological principles. In a recent article Jost [3], through a similar 
study, quotes a potential annual saving of $12 to $16 billion for the 
2 
United States. 
Many societal benefits have been derived from the study of tri-
bology. Highway safety has been and will be a great societal concern. 
After a systematic study of the chronic problem of hydroplaning, many sug-
gestions have been made to reduce the threshold for hydroplaning. Tribol-
ogy has also contributed towards the alleviation of human misery. A few 
examples are: lubrication of contact lenses, microcirculation related to 
cardiovascular problems, natural and prosthetic human joints (especially 
human synovial joints). Several fatal failures and disasters caused by 
failure of mechanical equipment have been traced to tribological prob-
lems. Mechanical equipment reliability [4] is also an important concern 
in part dependent on tribology. 
Lubrication problems of today are complicated because of the severe 
operating conditions to which many systems are subjected. There are 
many machine elements whose contacting surfaces do not conform to each 
other and the full burden of the load must be carried by a very small area 
of contact. This is unlike hydrodynamic lubrication where the surfaces 
conform to each other so that the load is supported by a relatively larger 
area. Some examples of these non-conforming surfaces are: mating gear 
teeth, cam and followers, and rolling element bearings. The ball and race 
in a ball bearing conform to some degree in one direction, but to a very 
little extent in the other direction. There was very little belief until 
the 1950's that these nonconforming surfaces with extremely small areas 
of contact could be separated by an oil film. The lubrication of these 
nonconforming surfaces is referred to as elastohydrodynamic lubrication 
[5,6]. 
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B. Elastohydrodynamic Lubrication 
Elastohydrodynamic lubrication (EHD) is the study of lubrication 
situations in which elastic deformation of the surrounding solids plays 
a significant role in the hydrodynamic lubrication process. The mech-
anism of elastohydrodynamic lubrication is essentially an extension of 
that of ordinary hydrodynamic lubrication which was described by Osborne 
Reynolds in 1886 in his masterpiece work [7]. 
When two non-conforming bodies are pressed against each other, 
the surfaces contact each other over a small but finite region, which is 
called the Hertzian region. The interface pressure is referred to as the 
Hertzian pressure. This Hertzian condition of contact is a dominating 
feature of elastohydrodynamic lubrication, since it establishes the over-
all shape of the contacting surfaces. The enormous increase of viscosity 
of the lubricant with high pressures and the physical dimensions of the 
EHD film (length is 1000 times the thickness) together cause the buildup 
of the elastohydrodynamic film. 
The terms point and line contacts commonly used in EHD lubrication, 
refer to the shape of the Hertzian region. These two terms correspond to 
the limiting cases of the general shape (an ellipse) of a Hertzian contact. 
Furthermore, the EHD problems are characterized by the slide-to-roll ratio 
of the bearing surfaces. Sliding is defined as the difference in speed 
between the bearing surfaces, while rolling is referred to the average 
speed of the bearing surfaces. 
Temperature rise and its effects encountered in elastohydrodynamic 
films for the case of pure rolling are small, and hence, an isothermal 
approximation appears adequate. But, even with moderate sliding the heat 
4 
roduced due to viscous dissipation becomes very important. The average 
Luid temperature in the vicinity of the inlet to the Hertzian zone has a 
Lgnificant effect on the film thickness in the Hertzian plateau region. 
lis is because the inlet viscosity which controls the lubricant film 
lickness is influenced to a great extent by the inlet temperature. In 
Idition, surface tractions seem to be significantly affected by the temp-
rature rise. 
The temperature rise within the Hertzian contact zone of both the 
trfaces of the solid and the fluid are of great importance. The surfaces 
: the solid experience a temperature rise as they pass under the heat 
lurce produced by viscous dissipation. To conduct the energy into the 
irfaces of the solid, a temperature variation across the film of the 
ibricant is necessary. The temperature rise of the solid and the fluid 
:e important since they have a direct relevance to the widely held view 
lat the failure of highly loaded lubricated contacts is governed by the 
lermal properties of the lubricant and the solids. 
Until very recently theoretical and experimental elastohydrodynamics 
;re concerned only with the existence of very thin, but operative, hydro-
namic films. The conditions under which these films can be estab-
shed are well understood. The difficult question of deciding when 
astohydrodynamic conditions cannot prevail is now the interesting prob-
m area. 
Mixed lubrication, that is when both elastohydrodynamic and bound-
y lubrication are present, is also a common occurrence in machine ele-
nts and therefore of great importance. 
5 
C. Current State of Knowledge 
Excellent reviews of the subject of elastohydrodynamics through 
1965 are available in literature [8,9,10,11], Recent reviews by Winer 
[12] and Cheng [13] concerning experimental and theoretical EHD work, 
spell out briefly the achievements accomplished to date and also high-
light the problem areas of present and future interest. 
A quest for understanding the mechanism of gear lubrication 
formed the need for the study of elastohydrodynamic lubrication. Martin 
in 1916 [14] examined the existence of a hydrodynamic film between gear 
teeth in contact, but failed to show the existence of a moderately 
thick film because of his assumptions of rigid surfaces and an isovis-
cous fluid. However, Martin's work marked the beginning of studies on 
EHD. In a pioneering paper in 1941 [15] Beeck, Givens, and Smith 
reported the existence of a moderately thick film, determined through 
measurements. The other milestone, which was a theoretical break-
through, occurred in 1949 [16] when Grub in and Vinogradova (Prof. Blok 
[17] suggests that Ertel's name also be included in Ref. [16]) reported 
a film thickness formula which included enough parameters to be of 
good practical utility. 
Experimental work in EHD has received more attention because the 
general solution for the governing equations appears almost impossible 
and also because, in several particular problems of interest, formula-
tion appears not to be possible. For example, when thermal effects 
are considered, the equations describing the formation of an elastohydro-
dynamic film require extensive computing facilities using subtle mathe-
matical techniques. 
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EHD is best studied by considering the important physical varia-
bles of an EHD conjunctive region. The main independent variables are 
surface velocities, load, solid material properties, lubricant bulk 
temperature, initial surface roughness and topography, and lubricant 
rheological properties. The dependent variables are film thickness, 
traction, lubricant pressure, solid stress field, temperatures of solid 
and lubricant, changes in surface topography, and sometimes lubricant 
rheological properties and shear degradation. 
EHD Film Thickness 
Film thickness has perhaps received more attention than any other 
dependent variable because of its direct practical relevance. An 
empirical solution was developed by Dowson and Higginson [18] in 1961 
for the isothermal elastohydrodynamic case (for nominal line contacts). 
An excellent agreement exists between measured film thickness and that 
predicted by the empirical equation of Dowson and Higginson [18] for 
rolling and moderate load cases. Even with moderate sliding, the ther-
mal effects become important. Cheng [19,20,21] after extensive numeri-
cal work gave thermal reduction factors by which the isothermal film 
thicknesses are reduced. For nominal point contacts, Archard and 
Cowking [22] give side leakage factors by which the corresponding line 
contact film thicknesses are reduced. Cheng [21] gives a comprehen-
sive account of the method for calculating film thickness including 
the thermal reduction factors and side leakage factors. Very recently, 
Hamrock and Dowson [23,24,25,26] have developed an isothermal EHD 
theory for point contacts. Some observations concerning film thickness 
for point contacts under high loads have been reported by Lee, Sanborn, 
and Winer [27]. However, some discrepancies still exist for the high 
load cases. Also deviations between analytically predicted and experi-
mentally measured film thickness exist with respect to fluid rheological 
properties as observed by Sanborn and Winer [28], and Hamilton and 
Robertson [29]. 
There are four basic techniques which have been used to measure 
the film thickness in EHD contacts. They are based on the electrical 
resistance of the film, the capacitance of the lubricant-bearing system, 
the attenuation of x-rays transmitted through the film, and the optical 
interference of the lubricant-bearing system. The optical interference 
technique has been most useful for point contact studies. The x-ray 
technique can determine only minimum film thickness in a point contact 
and not the film thickness at center because of the side and exit 
restrictions in the film. The two electrical techniques can measure 
only an average film thickness over the contact area. The most import-
ant advantage of the optical technique, used in the present investigation, 
is the fact that the film thickness at all points in the contact is 
determined at once. 
Traction 
Tractive force in elastohydrodynamic contacts can be determined, 
in principle, by integrating over the contact area the shear stress 
evaluated at one of the bearing surfaces. Although this concept is 
straightforward, acceptable analytical results covering various regimes 
of EHD lubrication do not exist to date. Many simplified approaches 
are available in references [30-36]. However, the measurement of 
traction in EHD contacts is quite easily accomplished by measuring the 
reaction forces in the bearing system. In this investigation, traction 
is measured using the EHD simulators and these values are used in the 
calculation of fluid and surface temperatures in EHD contacts. 
Contact Temperatures 
Temperatures both of the surfaces and of the fluid have been 
receiving attention recently. The chemical stability of the lubricant 
and the surfaces govern the limits of EHD. The high temperatures of 
short duration, which occur close to the areas where the energy is being 
dissipated in a friction system, are called flash temperatures. Sev-
eral attempts have been made to define a failure criterion in terms of 
these surface flash temperatures. One of the first of these scoring 
criteria was that of Blok [37]. This criterion suggests that scoring 
occurs when the bulk oil temperature plus the flash temperature (T, + T ) 
exceeds a certain critical temperature T . 
Cheng and Sternlicht [19] and later Cheng [20] calculated EHD 
contact temperatures by simultaneously solving the Reynold's equation, 
the elasticity equation, and the energy equation while assuming cer-
tain rheological models for the fluid. These idealized conditions and 
assumptions introduce uncertainty into the result because of incomplete 
knowledge of the behavior of the lubricant under high pressure, temper-
ature and shear stress, because the surfaces are not ideally smooth as 
assumed, and because of the uncertainty of appropriate thermal boundary 
conditions on the film. 
Cheng and Orcutt [38] measured the surface temperature using a 
platinum film gage on a glass disk and later Hamilton and Moore [39] 
used a vapor deposited nickel film gage on a glass disk. A similar 
method has been used by Bartz & Ehlert [40]. Although the probes were 
small they accounted for eight to ten percent of the film thickness 
under operating conditions. The operating conditions were limited in 
severity because of the glass surface and fragility of the gages. The 
non-contacting technique developed by Turchina, Sanborn, and Winer [41] 
and further developed as reported in this work has the advantage that 
it in no way interferes with the conjunctive region and can be utilized 
at conditions of contact severity comparable to those in real engi-
neering applications. 
Several theories including those of Blok [42,43] and Jaeger [44] 
have been advanced for a calculation of the flash temperatures. More 
recently, Archard [45] has given a useful summary of the formulation 
along with a graphical procedure for the determination of these flash 
temperatures. Several analogies including the one of an electrical con-
tact have been developed by Holm [46] and others [47]. Attempts have 
also been made to measure the flash temperatures developed in the 
highly localized regions of contact using the sliding contact of two 
different metals as a thermocouple by Bowden and Ridler [48,49] and 
Bowden and Hughes [50]. These experiments were either confined to the 
dry sliding of two metals or in some cases, for boundary lubricated 
conditions, and were successfully applied to a study of the mechanism 
of polishing and formation of the Beilby layer. So, thus far, there 
has not been a dependable experimental verification of the calculated 
flash temperatures. The present AGMA gear scoring criterion [51] is 
based on surface flash temperature calculations of Blok [42], later 
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modified by Dudley [52], and Kelley [53,54], and thus awaits an experi-
mental verification also. 
Surface Roughness Characterization and Effects 
The characterization of surface topography and detailed analysis 
of surface contact has reached a very high degree of sophistication. 
There are two basic models available in literature for surface charac-
terization; Greenwood-Williamson-Tripp [55,56] and the Whitehouse-
Archard [57] models. The Greenwood-Williamson-Tripp model is defined 
by three parameters: 
a = standard deviation of asperity height distribution 
R = radius of curvature of the asperities (assumed constant 
for all asperities) 
n = density of asperities per unit area 
The Whitehouse-Archard random surface model is defined by two parameters: 
a = standard deviation of the asperity height distribution 
8 = the correlation distance which corresponds roughly to the 
spacing between asperities of equal heights 
Archard [58] shows that the three parameters of the Greenwood-Williamson-
Tripp theory are not all independent and in fact a Rn = constant. 
Further, there is a more sophisticated version due to Nayak [59,60,61] 
which takes into account the fact that when asperity peaks are plas-
tically deformed, the valleys rise up and approach the mean plane. 
As yet the developments in surface characterization, referred 
to above have had a rather small impact upon the concepts of lubrica-
tion [62,63]. The influence of surface topography on the mechanisms 
of lubrication involved in concentrated contacts has recently been 
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studied by Christensen [64] using a random surface model for a rough 
engineering surface and a stochastic approach. The important conclu-
sion has been that roughness oriented normal to relative motion increases 
the EHD film thickness while roughness oriented along the relative 
motion decreases the EHD film thickness. Cheng and co-workers [66, 
67] have been recently studying the effect of preferentially oriented 
surface roughness pattern on EHD lubrication using a deterministic 
approach. Jackson and Cameron [65] have used an optical interfero-
metric technique to study EHD lubrication of rough surfaces. This tech-
nique has limited application because the specular reflectance decreases 
very much with increasing roughness. 
As a parallel development, some investigators, notably Fein and 
Kruez [68] and Fowles [69], have considered the possibility of EHD 
lubrication occurring at individual asperities. Explanation of sev-
eral dependent variables of the contact using this microelastohydro-
dynamic theory has not been completely satisfactory. 
A very useful parameter first introduced by Dawson [70] in 1962, 
and later deduced by Johnson, Greenwood and Poon [71] is A which is 
equal to the ratio of elastohydrodynamic film thickness (h) to the 
composite surface roughness (a). More recently, Bamberger, et al. [72] 
suggest the use of the A-factor in bearing design and selection. It is 
suggested that A > 2 is satisfactory, A < 1 is unsatisfactory, 1< A< 2 
being the transition region. 
The asperity contacts which appear to occur through the elasto-
hydrodynamic films have not been well understood. The interaction of 
several mechanisms of lubrication and solid asperity contacts poses a 
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very difficult problem. 
D. Need for Present Research 
It has been remarked above that the conditions under which elas-
tohydrodynamic films can be built up, are well understood. The condi-
tions which lead to a failure of these films however, need to be 
investigated. In other words, failure of elastohydrodynamic lubrica-
tion needs to be understood. This has been one of the main objectives 
of the present study. Toward understanding the elastohydrodynamic 
scuffing failure, some temperature-related phenomena have been studied. 
These studies are based on the assumption that the contact scuffing 
failure is temperature-dependent. As speeds and loads increase owing 
to a need for faster operation and compact design, more understanding 
of failure of EHD contacts is needed in order to extend the limits of 
operation. 
A real engineering surface is a rough surface as opposed to an 
ideally smooth one assumed in most analyses. Several phenomena like 
surface asperity interactions and running-in are characteristic of rough 
surfaces. Also, during transition from pure elastohydrodynamic to 
boundary lubrication, surface asperity interactions are very import-
ant. If these asperity interactions are too severe, microcracks 
might develop at the surface and may lead to surface initiated fatigue 
failure. On the other hand, successful running-in of the surface may 
result if asperity interactions are not very severe. Another possible 
effect due to severe asperity interactions is thermal scuffing at the 
site of interacting asperities, because high local temperatures are 
perhaps developed at these sites. A deeper study of all these import-
ant phenomena is required. 
E. Summary of Research Performed 
The present study is directed toward a deeper understanding of 
thermal effects and asperity interactions in elastohydrodynamic lubri-
cation. This work includes the study of transition from the elasto-
hydrodynamic regime through the boundary regime to failure by scoring 
of the surfaces. Through the approach of experimental investigation, 
some temperature related phenomena occurring in elastohydrodynamic 
point contacts have been investigated. 
It was mentioned earlier that typical elastohydrodynamic contacts 
are small and so also, the conditions are severe in terms of pressure, 
temperature, shear stress, and shear rate. This demands a non-contact 
mode of temperature measurement (some type of radiation measurement). 
A technique for measuring the ball surface temperature and the average 
film temperature (fourth power average through the thickness of the 
fluid film) in an EHD conjunction has been developed. An infrared 
microdetector (Barnes1 model RM-2A) has been used to collect the infra-
red radiation emitted by the EHD contact from a spot size of 0.0356 mm 
(0.0014") diameter. The technique employs two interference filters for 
separating the individual contributions from the total IR radiation 
received by the detector. If the filters have certain spectral char-
acteristics, then through analysis and calibration, the equivalent 
black body radiation and the respective temperatures can be determined. 
Film thicknesses needed for film temperature calculations are measured 
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using an optical interference technique. 
Temperatures have been measured at peak Hertz pressures ranging 
from 0.52 GPa (75,500 psi) to 2.03 GPa (294,000 psi) for sliding speeds 
ranging from 0.02 m/s to 12.7 m/s. Temperature contour maps have been 
prepared by scanning the EHD contact. From the measured values of 
ball surface temperature, the effect of speed and load on surface temp-
erature is deduced. The average ball surface temperatures calculated 
by using the Blok-Jaeger-Archard theory are compared with the measured 
values. This also serves as a verification for the gear scoring cri-
terion recommended by the American Gear Manufacturer's Association 
(AGMA) which was based on the flash temperature formula of Blok [37]. 
Surface temperature measurements for the case of combined roll-
ing and sliding have also been made. The rolling velocity is kept 
constant in most of the experiments. Centerline temperature distribu-
tions have been measured as a function of slide-roll ratio, E. The 
slide-roll ratio was varied from a value of 0 which corresponds to pure 
rolling to a value of ±2 which correspond to one of the surfaces moving 
and the other stationary. The flash temperature theory was extended 
to cover the case of two moving surfaces. 
For the purposes of investigating the effect of surface roughness 
on ball surface temperatures, steel balls of three different rough-
nesses with .011 urn, .076 \im. and .38 um R value were used. The 
a 
ball surface temperature rise is then correlated with respect to R 
value of surface roughness in addition to including the effect of the 
speed and load parameters. 
During transition from pure elastohydrodynamic to boundary lubri-
cation, surface asperity interactions are very important. In this part 
of the work, the high frequency temperature fluctuations resulting from 
the interaction of individual asperities have been measured, using the 
infrared temperature measurement technique developed earlier. The sur-
face wear has been measured by relocation profilometry of the surface 
and lubricant sample analysis (both ferrographic and spectrographic). 
During low lambda ratio experiments, the temperature fluctuations and 
the surface profile were recorded before and after the experiment and 
later subjected to spectral analysis. The purpose of this type of 
analysis was to determine the relative importance of surface features 
of different wavelengths. The effects of running-in were also 
studied by such an analysis. 
F. Experimental Variables 
The two main dependent variables in this study are the tempera-
ture and the change in surface topography. Both time-steady and fluc-
tuating surface temperatures were measured. In addition, fluid temper-
ature was also measured whenever possible. Surface topography was 
measured before and after an experiment to detect any changes. Wear 
measurements were also performed by measuring debris in the used oil 
samples. These wear measurements indicate surface wear and therefore, 
the change in surface topography. Two other dependent variables, the 
film thickness and traction coefficient have also been studied. Film 
thickness values are needed for computing fluid temperatures, whereas 
traction values are required for calculating energy dissipation in the 
contact. 
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The independent variables are the velocities of the surfaces, the 
normal load and the initial surface topography. The normal load on the con-
tact was varied. The maximum load was limited by the rigidity of the 
experimental rig and the capacity of the drive system. The lowest value 
of the load was determined by the resolution of the load measuring system. 
The range of loads used represents Hertz pressures encountered in practice. 
The minimum values for surface velocities were determined by minimum film 
thickness when no change in surface topography was desired. When a 
change in surface topography was either required or could be tolerated, 
the resolution of the speed measuring system was the controlling factor. 
The maximum speed was determined both by lubricant starvation and drive 
system capacity. The initial surface topography was mainly characterized 
by the R value, even though other parameters were considered. The sur-
d. 
face finish of the commercially available steel balls determined the 
lowest R value. The maximum R value was chosen rather arbitrarily. The 
a a 
rougher balls were finished by the standard grinding process and did not 
have any preferred orientation. 
The environmental temperature or the lubricant bath temperature 
controls the viscosity of the lubricant in the EHD inlet region. No 
effort was made to vary this temperature. On the other hand, in many 
experiments, the lubricant bath was controlled to remain constant 
(* 40 C). 
The material parameters were not varied in this investigation. 
However, the influence of some of the material parameters can be easily 
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estimated. The following materials were chosen for the present investi-
gation. The two solid surfaces were hardened steel (AISI-52100) and 
synthetic sapphire (Al OJ. The synthetic sapphire was chosen because 
of its optical and infrared transmission properties, and extremely 
good mechanical properties. The sapphire also has thermal properties 
close to those of AISI-52100 steel. The lubricating oil chosen was 
a pure mineral oil of naphthenic base (designated Nl - see Appendix A 
for properties). This fluid is known to have very good pressure-
viscosity characteristics and has been used in earlier EHD experiments. 
Some implications of holding the material parameters constant are dis-
cussed in later chapters. 
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CHAPTER II 
EHD SIMULATORS - MEASUREMENT OF FILM THICKNESS 
AND TRACTION 
A description of the two EHD Simulators used in the present study 
is given in this chapter. In addition, the techniques and the equipment 
used to measure traction and film thickness are briefly described. 
A. Sliding EHD Simulator 
Nonconformal bearing surfaces are required for obtaining an elastohy-
drodynamic lubricating film. For the study of point contacts, sphere-on-
flat configuration is by far the most convenient. The load is applied 
normal to the plane of contact. By rotating one of the surfaces and 
keeping the other stationary, sliding can be introduced. Rotating the 
sphere about an axis parallel to the plane of the contact is easier than 
rotating the flat, and therefore, this kinematic configuration is used 
in the sliding EHD simulator. However, in the sliding/rolling EHD simu-
lator (to be described in the next section), the flat surface can be 
rotated and the sphere held stationary, to yield the sliding motion. 
This arrangement was necessary for studying the stationary surface 
temperatures. The normal load, the sliding velocity, the lubricant 
properties, and the surface texture of the bearing surfaces, then con-
trol the formation of a full elastohydrodynamic film. 
A synthetic sapphire disc is used as the flat bearing surface. A 
metallic adaptor permits the use of different size sapphire discs (1/4" dia. 
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x 1/16" thick, 1" dia. x 1/8" thick, 2" dia. x 1/8" thick). The syn-
thetic sapphire was selected because it has the following properties: 
mechanical properties necessary in a highly loaded bearing, optical prop-
erties necessary for optical film thickness measurement, infrared prop-
erties necessary for infrared temperature measurement, and thermal prop-
erties comparable to those of steel. The synthetic sapphire used in this 
study is very smooth with .006 ym R (.25 u-in. AA) and optically flat to 
cL 
within an eighth of a wave. The position of the sapphire disc in the EHD 
simulator is shown in the schematic diagram of the test apparatus shown 
in Figure 1. 
The sphere is a commercially available steel ball 31.8 mm (1.25") 
in diameter, made of bearing steel - AISI 52100, chrome steel. The prop-
erties of the steel and sapphire appear in Appendix B. For all optical 
film thickness measurements, the steel ball of .011 ym R is used. This 
a 
ball is referred to as the smooth ball in the present study. Balls of 
.076 and .38 ym R were also used for studying the effect of surface rough-
ness, and are referred to as medium rough and rough balls respectively. 
The sliding EHD simulator (Figure 1) is a slightly modified ver-
sion of the rig originally built by Dr. David M. Sanborn [79]. 
The ball is driven by a variable speed motor and a drive shaft 
through a flexible coupling. This coupling provided a high torsional rigid-
ity and a low bending rigidity for the drive shaft - qualities which are 
necessary for accurate traction measurement. The drive shaft is connected 
to the ball through a collar that is cemented onto the ball surface. 
The test ball is supported on three sapphire pads. These sapphire 
pads are at an angle to the normal load and are offset so that the tracks 
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Figure 1. Schematic of the Sliding EHD Contact Simulator. 
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on the test ball are noncoincident. This arrangement was found to be more 
convenient than the standard four ball configuration because in this 
arrangement the top contact is the most severe of the four contacts. 
This feature of higher severity at the top contact is of particular sig-
nificance at high normal loads. The four ball configuration becomes inoper-
able under these conditions because of severe scoring at the bottom contacts. 
A dead weight loading system is used to apply normal load on the 
contact. Since only steady load data was of interest, this system was 
found adequate. Excellent repeatability and high load range were obtained. 
Figure 2 shows the loading system also, where the sapphire mount is shown 
housed in the loading lever. 
A lubricant supply system was needed in order to maintain an ade-
quate supply of lubricant to the bearing reservoir at a constant temper-
ature. Without such a system, each test run resulting in a different 
amount of energy dissipation would have a different equilibrium reservoir 
temperature. The lubricant supply system consists of a sump pump, an oil 
filter, a constant temperature bath, a control valve, bearing reservoir 
overflow pan and the main reservoir. This system is shown in Figure 1. 
Lubricant temperature in the bearing reservoir is periodically measured 
by a thermocouple. 
The rotational speed of the ball is measured by counting the 
revolutions digitally during a known interval of time. This system 
consists of a light tube (focussed on the surface of the drive shaft), 
fiber optics, a sensor and a digital counter. A portion of the drive 




Figure 2. Sliding EHD Simulator. 
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B. Combined Rolling and Sliding EHD Simulator 
This equipment differs from the sliding EHD simulator primarily 
in that the sapphire disc may be rotated by a separate drive system to 
achieve various amounts of slip. A schematic diagram of this equipment 
is shown in Figure 3. The sapphire disc (3 1/2" dia. x 1/8" thick) is 
mounted inside a ball thrust bearing (4.331" dia. outside). A bevel 
gear train driven by a motor, rotates the sapphire disc about an axis 
perpendicular to that of ball rotation. All these elements are directly 
mounted on the contact loading lever. Both the ball and the sapphire 
disc are driven by independently controlled variable speed D.C. motors 
with very stable transistorized closed-loop control systems. Speed regu-
lation was better than 1 percent. Under conditions of high load and 
low sapphire speed, a controlled braking torque had to be applied to the 
sapphire drive system in order to maintain good speed control. This was 
necessary because the faster rotating ball had a tendency to drag the 
sapphire disc. By a combination of braking and speed control, the 
desired slide-roll ratio could be obtained. The speed of rotation of 
the ball and the sapphire disc were separately measured using a system 
similar to the one used in the sliding EHD simulator. A small lamp and 
a photo-diode were used instead of the light tube. Speed was again 
displayed on a digital counter. The loading system, the lubricant 
supply system and other features are very similar to those used in the 
sliding EHD simulator. Figure 4 shows the assembled apparatus. The 
author is indebted to Mr. Scott S. Bair for building this rig. 
C. Traction Measurement 
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Figure 4. Combined Rolling and Sliding EHD Simulator. 
value of the traction force was measured. The magnitude of these trac-
tion forces is quite small (0 to 2N). The load cells selected for the 
experiments consist of semi-conductor strain gages (BLH make) mounted 
on cantilever beams. Since two types of EHD simulators were used, 
two different arrangements were adopted for the traction load. The 
common feature for the two arrangements is the mode of traction meas-
urement. Reaction force of the rotating ball and the support system 
against the sapphire, directly yields the traction force. 
The traction load cell arrangement used in the sliding EHD simu-
lator is shown in Figure 5. The rotating ball and the support system 
are mounted on a load beam. This load beam is supported on four air 
bearings. When the ball is rotated, the load beam moves laterally, 
offering negligible resistance to motion in this direction. The lateral 
motion of the load beam is measured by a cantilever and four strain 
gages. 
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Two bearing pads each having an area of 6 in are used at each 
end of the air bearing. The combined upper and lower clearance is 
between .0015" and .0020". The opposing bearing pads offer high rigid-
ity. Air is supplied at about 70 psi to the bearing through a 3/32 
inch diameter hole in each bearing pad. The inlet pressure compensa-
tion needed for fluctuating bearing loads is accomplished both inherently 
by the orifice restriction of the sharp-edged 3/32 inch diameter inlet 
hole and externally by means of needle valves in each air supply line. 
The cantilever beam used for the traction load cell is made of 
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Figure 5. Traction Load Cell Arrangement Used in the 
Sliding EHD Contact Simulator. 
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strain gages have been mounted. The strain gage circuit used is 
of the standard wheats tone bridge type with a separate poten-
tiometer for gain control and balancing. The bridge output is dis-
played on an oscilloscope. The sensitivity of the load cell was 
determined under steady-state conditions. A known force was applied 
by means of a weight, a pulley supported in a hydrostatic air bearing, 
and a piece of nylon cord attached to the ball support such that it 
passes close to the point where the EHD contact would normally occur. 
Care is taken not to apply any other resisting force (except through 
the traction load cell). The resulting calibration curve was essen-
tially linear with .03 lbf/mV of output. 
The traction load cell arrangement used in the combined rolling 
and sliding EHD simulator is shown in Figure 6. The load beam, in this 
case, is supported on two sheet metal columns which are flexible in 
the lateral direction. With such an arrangement, the normal load has 
an effect on the lateral motion of the load beam, in the deflected posi-
tion of the beam. The normal load effect can however be estimated by 
measuring the output while rotating the ball first in one direction and 
then in the other direction. 
The load cell arrangement for the combined rolling and sliding EHD 
simulator is as shown in Figure 6. The strain gages and the bridge 
circuit used here are very similar to the ones used in the sliding EHD 
simulator. The calibration procedure was similar to the one described 
earlier, and yielded .4675 lbf/mV sensitivity. Noise in the output 
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Figure 6. Traction Load Cell Arrangement Used in the Combined 
Rolling and Sliding EHD Contact Simulator. 
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D. Film Thickness Measurement 
An optical interference technique was used for the measurement 
of fluid film thickness. The main advantage of this method is that it 
offers the capability of mapping the film thickness over the entire 
conjunction region. This method has proven successful because, the EHD 
film thicknesses are of the same order of magnitude as the wavelength 
of visible light. The method is very similar to the Newton's rings 
method often used to measure the geometric accuracy of optical elements 
like, lenses and optical flats. 
The method consists of using the solid bearing surfaces as an 
optical interferometer. This requires one of the surfaces to be 
optically transparent. The knowledge of the order of an interference 
fringe at any desired location yields the film thickness, because, the 
order of an interference fringe is related to the optical path length 
and wavelength of the incident radiation. The desired film thickness 
at any location in the conjunction region is therefore directly related 
to refractive index of the lubricant, order of the interference fringe 
and the angle of incidence of the incoming radiation. For the case of 
point contact geometry, the interference fringes are close-looped. For 
a parallel beam of incident light, an interference fringe is merely a 
locus of a constant value of film thickness times the refractive index 
of the lubricant. 
The use of optical interferometry in measuring EHD film thick-
nesses was introduced by Archard & Kirk [73-76] in 1962. Cameron, 
Wedeven and co-workers [77-82] have considerably refined the above 
method since 1966. Many investigators including Sanborn and Winer 
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[79,28] have adopted the above technique and introduced many improve-
ments. The optical interference technique used in the present work, 
is an adaptation of their technique. 
The interference mechanism is easily explained with reference to 
Figure 7 which shows the undeformed surfaces (of sapphire and steel 
ball) in proximity and surrounded by transparent medium of lubricating 
oil. A partially reflecting layer of Inconel is shown on the bottom 
surface of sapphire. The principles of optical interference are thor-
oughly explained by Tolansky [83]. A ray of light is shown incident 
upon the sapphire at an angle 9. In the actual case, only normal inci-
dence is used (6 z 0), but the incident ray is shown at an angle in the 
figure. The optical path followed by the two rays with intensities I 
o. 
and I, are clearly shown (Figure 7). It is the recombination of these 
time-coherent reflected rays I and I, which gives rise to the inter-
a b ° 
ference fringe pattern. Since part of each ray is reflected at each 
interface, an infinite number of rays with rapidly diminishing intensi-
ties contribute to the interference mechanism. It is the purpose of 
multiple-beam interferometry to use this infinite sequence of time-
coherent rays to yield very sharp, well defined interference fringes. 
Because of the limited choice available for the selection of the optical 
properties of bearing surfaces, the resulting interference pattern is 
more typical of that found in two-beam interferometry rather than multi-
ple-beam interferometry. Two-beam interference patterns are character-
ized by bright and dark interference bands of nearly equal width. An 
excellent comparison between multiple-beam interferometry and two-beam 
interferometry is available in the work of Foord, Wedeven, et al. [77]. 
c = 1.0 
Z = 1.76 
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Figure 7. Optical Arrangement for Film Thickness 
Measurement (Monochromatic Light Source). 
Two different interference systems namely the monochromatic system 
and the dichromatic system were used in this study. An improved optical 
design was used for the dichromatic system to provide better fringe 
visibility. These two systems are discussed separately here. 
Monochromatic System 
The light used in this system is predominantly, but not strictly, 
monochromatic. 
The bright and dark interference fringes are attributed respec-
tively to the constructive and destructive interference of time-coherent 
rays I and I . By following the optical paths for rays I and L 
with their amplitude and phase representations, one can arrive at (see 
reference [79]) the following results. Bright fringes appear when 
h = ~ (n + !£); n = 0,1,2,.... (1) 
and dark fringes occur when 
h = ^ - ( n + M - I ) ; n = 0 , 1 , 2 , . . . , (2) 
where A<j> is the net phase change. 
There are several effects contributing to the value of A<j>. A 
phase shift of TT radians is encountered on reflection from the ball 
surface (when it is perfectly flat). No phase change will occur when 
the light passes from the sapphire to lubricant while a phase shift 
of 7T radians will occur for light passing in the opposite direction. 
This is because the refractive index of sapphire is higher than that of 
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the lubricant. V7ith surface finish in the neighborhood of .025 ym R 
3. 
and with average asperity slope of .03 - .05 rad, the incident wave 
does not reflect from a single flat surface. Considerable effect due 
to this factor is therefore to be expected in the value of A<}>. Further 
complications exist because of the presence of a finite thickness of 
inconel film (~ 100 A), whose effect is very difficult to predict. 
However, as a combined effect of all the above factors, values for A<j) 
can be obtained by calibration of the optical system with zero film 
thickness. Sanborn [79] quotes values of A<f> to lie in the range given 
by 
f < A * < f (3) 
5TT 
The limit —r- corresponds to very lightly loaded contacts whereas the 
3TT 
value — corresponds to heavily load contacts with peak Hertz pressures 
greater than .65 GPa. Variation of A<J> with load is perhaps due to 
local deformation of asperities. Since the loads used in almost all 
of the experiments reported in the present work yielded Hertz pressures 
3TT 
greater than about .65 GPa, A<J> = -y was used in the film thickness 
formula. The roughness of steel ball, in addition to affecting A<J>, 
has a significant effect on the quality of the interference fringes. 
Adequate reflectivity was obtained for smooth ball (.011 ym R ) and a 
marginal reflectivity was obtained for medium rough ball (.076 ym R ). 
9. 
However, it was not possible to get any reflectivity with the rough 
ball (.38 ym R ). Increasing roughness with deeper surface valleys 
cl 
produces multiple reflections and consequent multiple absorptions and 
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therefore limits the reflectance of the surface [84-86]. 
It was mentioned earlier in this section that, the interference 
fringes are loci of constant values for the product h*£. The actual 
value of film thickness therefore requires the value of refractive index 
to be known. Since local pressures and temperatures vary greatly within 
the EHD conjunction zone and so also the density, variations in £ are to 
be expected. Estimates of the changes in £ can however, be made. Effect 
of pressure has been considered by Sanborn [79]. Density changes can be 
estimated by assuming Hertzian pressure profiles and the generalized bulk 
modulus relationships. Lorenz-Lorentz relation 
— . — = constant (4) 
r + i y 
can then, be used to estimate changes in £• Variation in £ over the con-
tact area was found to be less than 10%. The assumption of Hertzian pres-
sure profile does not introduce significant errors since, at a pressure 
level of .65 GPa, and for a 50 percent error in pressure estimate, the 
density change is less than 4% and refractive index and so also film 
thickness changes are less than 2%. 
The effect of temperature on refractive index is also through 
density changes. Referring to Appendix A, the density of fluid Nl at .138 
GPa decreases by less than 3% over an increase of temperature from 38°C 
to 100°C, and thus refractive index changes by less than 1.5% and is 
therefore negligible. 
The anisotropic crystal structure in sapphire results in the 
undesirable birefringence effect. Although this birefringence effect was 
observed, film thicknesses could be determined with sufficient accuracy. 
In the combined rolling and sliding EHD simulator, however, a 
sapphire disc with the optic axis normal to its plane was used, which 
eliminated the birefringence effect. 
The value of fringe order n must be known in order to determine 
film thickness using equations (1) and (2). The initial or the refer-
ence value of n for any one fringe is determined by observing a single 
point in the contact as the speed goes to zero. Once the correct 
integer has been selected for one fringe, values of n for all other 
fringes are easily determined. 
Recalling equation (2), dark fringes occur when 
h =~k ( h + 2 ^ " I ) ; n=0»l»2,.... 
For A4> = -y- , and X = 5340 A = .534 ym and £ = 1.51, (therefore, 
n = - y at h = 0) 
4 
h = -^ (n + i) = .177 (n + ±) (5) 
with dark fringes @ n = 0,1,2,.... Values of h versus n are given 
in Table 1. 
Dichromatic System 
The light used in this system consists of two predominant wave-
lengths namely Green (5460 A) and Red (6300 A) . 
The optical arrangement used in this system is shown in Figure 
8 and is very similar to the system used by Foord, et al. [77] but, 
with minor modifications. The advantage of the dichromatic system 
over the monochromatic system is that, once rhe calibration procedure 
has been carried out, the color fringe sequence in a dichromatic system 
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Table 1. Film Thickness versus Fringe Order for 
Fluid Nl and Schott Filter 
(G = Grey, DG = Dark Grey, D = Dark, 








G - 1/4 0 0 0 
DG 1/8 .87 .0221 
D 0 1/4 1.74 .0442 
DG 3/8 2.61 .0663 
G 1/2 3.48 .0884 
LG 5/8 4.35 .1105 
B 1/2 3/4 5.22 .1326 
LG 7/8 6.09 .1547 
G 1 6.96 .1768 
DG 1 1/8 7.83 .1989 
D 1 1 1/4 8.7 .2210 
DG 1 3/8 9.57 .2431 
G 1 1/2 10.44 .2652 
LG 1 5/8 11.31 .2873 
B 3/2 1 3/4 12.18 .3094 
LG 1 7/8 13.05 .3315 
G 2 13.92 .3536 
DG 2 1/8 14.79 .3757 
D 2 2 1/4 15.66 .3978 
DG 2 3/8 16.53 .4199 
G 2 1/2 17.4 .4420 
LG 2 5/8 18.27 .4641 
B 2 1/2 2 3/4 19.14 .4862 
LG 2 7/8 20.01 .5083 
G 3 20.88 .5304 
DG 3 1/8 21.75 .5525 
D 3 3 1/4 22.62 .5746 
C = 1.0 
= 1.76 
e = 1.50 
Maqnesium Fluoride coatinq 
(anti reflection) 
Sapphire 
Chromium layer (= 200 A thick) 
Reflectivity = 18% 
Absorptivity = 25% 
Oil Absorption 1% 
Figure 8. Optical Arranqement for Film Thickness Measurement 
(Dichromatic Liqht Source). 
00 
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has an absolute reference from zero film thickness. 
As in the previous system, considering A<{> to be the net phase 
change for each of the two predominant wavelengths, 
h = It (n " 2^); n = Q*1'2'"- (V 
for dark fringes to occur. The absolute thickness h corresponding to 
each fringe is determined [87] as before by observing a system of known 
geometry, which most conveniently is a steel ball loaded against 
sapphire. For ideal conditions of zero load, thickness h can be calcu-
lated by measured fringe radius £ using the relation 
r2 
h • k (7) 
where, R is the radius of the steel ball. This relation can be used 
for h up to 3 urn with negligible error. Fringe radii £ for zero load 
conditions can be obtained by extrapolated values of £ for loaded con-
ditions. Such a calibration procedure was carried out by Foord, et al. 
[77] and A(f> was found to be -2TT/5. Using this value of A<|> in equation 
(6), 
h - —• (n + y); n = 0,1,2,.... (8) 
for dark fringes to occur. Using such a relation for green and red 
colors separately, the chart shown in Figure 9 was prepared by Foord, 
et al. [77]. The color fringe system for the dichromatic case of green 
and red is then obtained by combining the two separate monochromatic 



































































A = 5460A 
Red 
Band 
A = 6300 A 
Green and Red 
Bands 
Figure 9. Color Fringe Sequence versus Film Thickness in Air 
for the Dichromatic System (From Reference 77). 
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the medium, and thus, film thickness can simply be obtained in the 
dichromatic system by using Figure 9 and knowing the refractive index 
of the lubricant. 
Reflective Coatings 
The interfacial reflection between most lubricants and sapphire 
is only .64%, because the refractive indices of the two media are close 
to each other (1.5 and 1.76, respectively). A good fringe contrast can 
be obtained only when the intensities of the interfering beams are 
approximately equal. In order to accomplish this, a reflective coating 
is deposited on the bottom surface of sapphire. Based on the amounts 
of reflection, transmission, and absorption present at each of the 
interfaces, the amount of reflection needed is about 18% for chromium 
coating (~ 200 A thick) and 20% for inconel coating (* 100 A thick). 
Chromium coating was found adequate for combined rolling and sliding 
experiments, where as inconel coating was required for sliding experi-
ments. The coatings were vapor deposited in high vacuum, and can 
withstand the high shear stresses produced in an EHD contact. 
Light Sources 
Light Source for Monochromatic System. This consists of a 300 
Watt tungsten projection lamp, an air-cooled housing with a condensing 
o 
lens and a diaphragm stop, a 5340 A Schott filter (bandwidth at half 
o 
intensity is 220 A), and the vertical illuminator of a Leitz metallur-
gical microscope. The intensity of the incident light can be controlled 
by adjusting either the voltage applied to the projection bulb or the 
aperture at the entrance to the vertical illuminator. 
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Light Source for Dichromatic System. In combined rolling and 
sliding experiments, the EHD contact appears more dynamic in the field 
of view of the microscope. Therefore, it was decided to use an elec-
tronic flash for a light source, since very low exposure times (30 to 
40 microseconds) can be obtained. A commercially available (Vivitar 
283) flash unit was used. A concentrator was placed in front of the 
flash unit to increase the light intensity. A condensing lens system 
then focussed the light from the flash unit onto the vertical illumina-
tor of the Leitz metallurgical microscope. The dichromatic light was 
obtained by passing the light through a 77 A filter (5460 A green band 
and 6300 A red band). An aperture in the light path controls the amount 
of light to the microscope. In addition to this light system, a con-
tinuous light source was required to observe the EHD contact. For this 
purpose, a 30 watt variable intensity lamp was used. All the above 
optical elements were mounted on an optical bench behind the EHD simu-
lator. This facilitated shifting light sources without losing align-
ment. Figure 10 shows a photograph of this light system. 
By using the vertical illuminator of the metallurgical microscope 
to direct the light onto the contact area, it is not possible to have 
a perfectly collimated incident beam. The effect of non-perfect beam 
collimation is to make the system more nearly a two beam interferometer 
rather than a multiple beam interferometer, resulting in less distinct 
broader fringes. This however, did not pose a serious problem in the 
present work. 
Photography. The remainder of the film thickness measuring system 
43 
Figure 10. Light source, filters and aperture mounted 
on an optical bench. 
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consists of equipment needed to observe and photograph interference 
patterns. The Leitz metallurgical microscope mentioned above was used 
together with a Polaroid camera.. Visual observation is made at either 
X100 or X200 using a X10 or X20 objective and a pair of X10 binocular 
eyepieces. A X10 photographic eyepiece is used in conjunction with the 
camera. For the monochromatic system Polaroid type 107 black and white 
film was used, yielding 3 1/4 in. x 4 1/4 in. prints. An exposure time 
of 1/125 sec was found adequate for this 3000 ASA film while using the 
300 watt tungsten lamp. For the dichromatic or the color systems, 
after much experimentation, it was found that Polaroid type 58 color 
film, 4 x 5 in., was satisfactory. This 75 ASA film gave proper 
exposures at 30 to 40 microseconds while using the vivitar 283 flash 
unit. The exposure time is controlled by settings on the flash unit 
which trigger a thyristor control circuitry. Polaroid type 545 land 
film holder was used in conjunction with the camera. The good quality 
of the interference fringes produced in the dichromatic system can be 
seen in Chapter IV. 
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CHAPTER III 
TEMPERATURE AND SURFACE ROUGHNESS MEASUREMENT 
In this chapter, the infrared technique developed and used for 
the measurement of temperatures in an EHD contact is described. The 
method used for surface roughness measurement and subsequent analysis 
is also described. 
A. Temperature Measurement 
An infrared technique for measuring the ball surface temperature 
and the fluid film temperature (averaged through the thickness) in an 
EHD conjunction was developed and used in the temperature measurements 
reported. 
The infrared technique for measuring contact temperatures has 
proven successful because, the optically transparent sapphire (used as 
one of the bearing surfaces) is also transparent to infrared radiation 
in the emission band of many lubricating oils. The technique employs 
two interference filters for separating the individual contributions 
of the total infrared radiation received by the detector. If the fil-
ters have certain spectral characteristics, then through analysis and 
calibration, the equivalent black body radiation and the respective 
temperatures can be determined. 
Radiation Contribution 
Figure 11 shows the various sources contributing to the total 
radiation received by the infrared detector from an arbitrary spot in 
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Figure 11. Sources of IR Radiation Emitted from 
any Location in the EHD Contact. 
The four contributions N, , N_, N , and N_ are the nonattenuated 
b r s U 
values of radiations emitted by the ball, fluid, sapphire, and the 
ambient respectively. Each of the above contributions is associated with 
an attenuation factor which includes absorption losses in various media 
and Fresnel reflection losses at interfaces between any two media. The 
ball surface, being opaque, either only emits or absorbs. The fluid and 
sapphire are partially transparent and partially absorbing media. The 
ambient radiation refers to the background radiation from the room 
reflected from the spot. The radiation collected by the detector is the 
sum of all the above contributions and is given by 
N " Vb + V F + nsNs + Vo <9) 
Individual values of NL , N , and N are required in addition to 
knowledge of the corresponding emissive properties in order to determine 
the respective temperatures. The individual values of N, and N_ could be 
b F 
determined by considering the difference in spectral emission character-
istics of the various sources. The contribution from the sapphire surface 
could not be separated and therefore the sapphire surface temperature has 
not been determined. In most of the cases this contribution however, was 
found negligible. The reasons for this are discussed later in this section, 
Although the sapphire surface temperature was not measured, stationary sur-
face temperature was successfully determined using a different configura-
tion, which will be described in Chapter IV. 
Two infrared filters were used to separate the contributions from 
the ball and the fluid, and were chosen based on the spectral emission 
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characteristics of the lubricant used in the present study (Fluid Nl). 
The spectral characteristics of the lubricant and the IR filters are 
shown in Figure 12. The curve labelled lubricant emission is in fact, 
complementary to the lubricant transmission curve obtained by using an 
infrared grating spectrophotometer. The emission curve for the lubricant 
corresponds to a film of thickness 25 ym sandwiched between two 1.6 mm 
thick sapphire discs. This result shows that the lubricant emission is 
highly spectral in the range 3.1 to 3.7 ym, with peak emission at 3.4 ym. 
The spectral emission of fluid Nl in the wavelength band 3.1 to 3.7 ym, 
is due to stretching vibrations of the C-H bond. In order to enhance the 
contribution from the fluid to the total radiation, a narrow band filter 
which transmits radiation between 3.1 and 3.7 ym is chosen. 
The spectral emission data of the lubricant shown in Figure 11 
also indicates that there is no emission either below 3.1 ym or, beyond 
3.7 ym up to 40 microns by an oil film of 25 ym thickness. The dotted 
lines in Figure 12 show the monochromatic black body radiation as a func-
tion of wavelength at two different temperatures plotted in arbitrary 
units. , These curves show that the spectral region of interest in this 
study is to the left of the peak in black body radiation even at tempera-
tures of 177 C. The ball radiation which can be considered grey body 
radiation (emissivity is constant over all wavelengths) is therefore, more 
predominant in the region of 3.7 to 5.5 ym compared with the 1.8 to 3.1 ym 
region. Accordingly, a wide band filter was selected which transmits radi-
ation in the spectral range 3.7 to 5.1 ym. The spectral response of this 




















2.5 3.0 3.4 
WAVELENGTH X , M m 
5.5 
Figure 12. Spectral Characteristics of the Fluid Film, 
Filters, and Ball. 
•o 
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To facilitate computations, when using one filter or the other, the 
influence of the filter was assigned to the detector rather than the radi-
ation source. When using the filters, the calibration curves of black 
body radiation versus temperature supplied by the manufacturer for the 
detector are no longer applicable, and the detector must be recalibrated 
for each filter. 
diation Analysis 
The analysis reported in this section is applicable for any filter. 
ater on, these expressions will be specialized for the wide band filter 
nd the narrow band filter separately. 
The ball radiation N , is given by the expression 
Nb = VWV (10) 
The quantity e. is the emissivity of the ball surface and T, is 
b b 
he ball surface temperature. The emissivity was measured in a separate 
xperiment using the microdetector. The method consisted of painting a 
lack spot of known emissivity of .95 on the previously heated ball sur-
ace in the immediate neighborhood. In this way, emissivity was measured 
s a function of temperature. However, in the range of ball surface temp-
ratures expected in an EHD contact, the emissivity was essentially a 
onstant and equal to .21. This value has been used throughout. It was 
etermined that the IR filters used in the experiments had no effect on 
e measured value of the ball surface emissivity. 
The variable NDTJ(T) is the radiation that would be observed 
rough the filter from a black body at temperature T. By measuring the 
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radiation through the two filters from a black body calibration source 
(Barnes' RM-121) at known temperature, plots of N (T) versus T were 
BB 
obtained. Figures 13 and 14 are the calibration curves of N (T) versus 
BB 
T for the wideband filter and the narrow band filter respectively. 
The ball radiation attenuation n, is dependent on the optical 
properties of the sapphire and oil. The attenuation factor is deter-
mined by reflection losses at the sapphire-air and sapphire-oil inter-
faces and absorption in the sapphire and lubricant films. Therefore, 
% = T s
( 1- pl ) ( 1- p2 ) TF ( h'V = VF(h'V (U) 
The variable T represents the sapphire transmissivity and p. and p« 
represent the Fresnel reflection losses at the sapphire-air and sapphire-
oil interfaces, n is the total transmittance which includes the reflec-
s 
tion losses at the two interfaces and the absorption losses in the 
sapphire. Secondary reflections have been neglected throughout the 
analysis because of small values of interfacial reflections. 
The variable x (h,T ) is the transmissivity of the fluid film of 
F F 
thickness h at a temperature T . This fluid film transmissivity is a 
F 
strong function of wavelength because of the spectral characteristics of 
the lubricant shown in Figure 12. The value of transmissivity is deter-
mined through calibration. The exact calibration procedure will be dis-
cussed later in this section. 
The value of ambient radiation Nn, is equal to the intensity of 
radiation emitted from a blackbody at room temperature and is obtained 
through calibration. A portion of the ambient radiation is reflected 
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from the sapphire surfaces before reaching the fluid. This reflectance, 
p*, is given by 
s 
P* = P, + xf (1 - pj 2p 9 (12) 
s i s 1 2 
Another portion of the ambient radiation is transmitted through the 
sapphire, reflected off the ball surface, and then reaches the detector. 
The total attenuation of ambient radiation including the portion just 
discussed, is given by 
"o = ps + ebVF
(2h>V <13) 
x (2h,T ) is the fluid transmissivity for a film 2h in thickness at a 
r r 
temperature T_. Film thickness of 2h has been used in fluid transmissivity 
r 
because, the radiation travels twice through the thickness of the lubricant 
film. 
The contribution from the sapphire disc is harder to analyze 
because of two reasons: (1) the sapphire temperature varies through its 
thickness from EHD contact temperature at the fluid interface to very 
near ambient temperature at the air interface; and (2) the sapphire radia-
tion is not spectral in the active bandwidth of the detector - 1.8 to 5.5 
urn to facilitate separating it using a filter. For these reasons, it has 
not been possible to measure sapphire surface temperature. However, as 
will be reported in a later chapter (Chapter IV), the stationary surface 
temperature has been successfully measured using a different configuration 
(sapphire moving and ball surface stationary). Nevertheless, it was found 
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Figure 13. Wide Band Filter Calibration for 
Black Body Radiation. 
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Figure K . Narrow Band Filter Calibration for 
Black Body Radiation. 
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two reasons: (1) the sapphire emissivity in the bandwidth of wide band 
filter is approximately l/10th the ball surface emissivity and negligible 
in the narrow band filter bandwidth, based on absorption data [88]; and 
(2) the average temperature of the sapphire is significantly lower than 
the ball surface temperature. Considering the stationary surface temper-
ature to be the sapphire temperature (which is reasonable because the 
thermal conductivity of ball is only 1.4 times that of sapphire) which is 
typically about 30 to 40 C higher than the ball surface temperature, the 
sapphire temperature varies from (T, +30) to about 25 C through its 
b 
thickness of 1.6 mm. Assuming an average sapphire temperature based on 
the above limits, the sapphire contribution is less than 2% of the ball 
surface radiation. Neglecting the sapphire contribution results in an 
error of less than 2 to 3 C on the ball surface temperature. For these 
reasons, the sapphire contribution is neglected in the entire analysis. 






The emissivity of the oil film e is a function of film thickness, fluid 
F 
temperature, and the ball reflectivity. A portion of the fluid radiation 
travelling downward is reflected from the ball surface and then reaches 
the detector. The ball reflectivity p, is included in the emissivity 
b 
function in order to account for this portion of the fluid radiation. 
The black body radiation N (T) is given by the calibration curve of black 
BB 
body radiation versus temperature for the narrow band filter shown in 
Figure 14. Only the narrow band filter need be considered for fluid radi-
ation calculations because of the spectral response of the wide band 
filter. 
The exact expression for the emissivity function e (h T ,p ) is 
r 1 r D 
not possible to derive since the exact spectral response of various 
optical elements including the IR filter and the detector response are 
not known. However, an approximate expression can be derived using the 
monochromatic approach. Radiation from the fluid film passes in both 
the directions, upward and downward. Accounting for both the portions of 
this radiation, the net monochromatic fluid radiation is 
NXF = eAFN;,BB(V + VAF^FWV (15) 
The terms e and T have the form [86,87] 
Ar Ar 




TAF - TAF ( h'V = l - £AF = e 
-a'(A,TF)-h 
(17) 
The variables e._ and x are the monochromatic emissivity and trans-
Ar Ar 
missivity respectively and are shown as functions of local film thick-
ness h and local average film temperature T . The quantity a' is an 
r 
absorption coefficient dependent on both wavelength and film temperature. 
N is the total monochromatic fluid radiation reaching the detector. 
Ar 
N (T) is the monochromatic blackbody radiation measured through the 
ADD 
filter. In the equations (16) and (17), the temperature is assumed to 
remain constant through the film at an average value. Because of the 
fourth power relationship between emitted radiation and temperature, the 
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calculated average temperature will be weighted toward the maximum temper-
ature in the oil film. By writing transmissivity equal to one minus 
emissivity, an assumption of local thermodynamic equilibrium is made. This 
assumption may be a good one in elastohydrodynamic lubrication situations. 
Substituting (16) and (17) in (15) and integrating over the entire 
wavelength region, 
-a'(A,T )-h -a'(A,T)-2h 




" ^ " e > } n B B
( T F ) d X 
Np = / [eXF(h,TF) + pb{sXF(2h,TF)- £xF(h,TF)}]NABB(TF)dA (18) 
o 
An approximate integrated expression can be written as, 
NF = [eF(h'V + pb{eF(2h'V " V - V ^ W V (19) 
e_ is the integrated film emissivity and N__(T_1) is the integrated value 
h DD r 
of black body radiation at temperature T , given by Figure 14. Equation 
r 
(19) can also be written as 
NF = [ V F ( h , T F ) + pbeF(2h,TF)]NBB(TF) (20) 
since E, = (1 - p ). 
b b 
Now that expressions for attenuated radiation from the fluid, ball, 
and ambient have been derived, an equation can be formulated to give the 
total radiation received through a filter, in terms of the ball and fluid 
58 
temperatures. The total radiation N is given by 
N = nsTF(h,TF)NBB(Tb)+[ebeF(h,TF) + PbeF(2h,TF) J N ^ ) 
+ [ps + V s T F ( 2 h ' V ] N o ( 2 1 ) 
9 9 
with, n = x ( 1 - p )1 - p ) ; e = ( 1 - p ) ; and p* = p + T (1 - p ) p9 s s 1 2 b b s i s 1 I 
It should be remembered that the numerical values of various quantities 
in the above equation depend on which filter is used in the experiment. 
Black body Calibration. It was mentioned earlier that the manu-
facturer's calibration curve of black body temperature versus radiation 
is not applicable when a filter is used. Therefore, in order to use the 
IR microscope while using a filter, new calibration curves were obtained 
experimentally and these were shown in Figures 13 and 14. The technique 
used for obtaining this data is described below. 
Measurements of the radiation from a black body calibration source 
(Barnes' RM-121) were made as a function of temperature using each fil-
ter. The experimental arrangement is shown in Figure 15. Because of 
the internal chopper in the IR raicrodetector when using the D.C. mode of 
operation, the measured radiation (N ) is related to the target radiation 
m 
(N) by 
N = N - Nn m 0 
where Nn is the reference ambient radiation corresponding to the filter 
used. 
The value of N_ should be added to the measured radiation N to 
0 m 
obtain the total radiation N. In fact, in all the measurements reported 
IR MICRODETECTOR 
E X a IR FILTER 
BLACK BODY CAVITY 
HEATING 
COIL 
Figure 15. Black Body Calibration Experiment. 
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in this work this procedure is followed. Therefore, the value of N must 
be known for each filter used. The magnitude of N is equal to the inten-
sity of radiation from a black body at room temperature. Radiation meas-
urement from a cryogenic black body source was taken in order to measure 
N • The experimental arrangement was the same as shown in Figure 15. But 
o 
a black body cavity immersed in a bath of liquid nitrogen (T= 77 K) was 
used instead of the black body calibration source shown in Figure 15. 
Since the emission from a black body at 77 K is much lower than the emis-
sion at room temperature (a ratio of approximately 10 ), the black body 
emission at 77 K can be neglected. The radiation measured by the IR micro-
scope is then the negative of the ambient radiation. 
Calibration for Determining Emissivity and Transmissivity Functions 




-b he Z t 
e«(h,T ) - 1 - e (22) 
b4 F 
-b he * 
TF(h,TF) = e (23) 
Emissivity and transmissivity are linear with respect to film thickness 
for small values of h. However, it is known that [89,90] emissivity 
increases greatly with temperature and transmissivity decreases greatly 
with temperature. These are also satisfied by the models shown in equa-
tions (22) and (23). The assumption of emissivity being equal to one minus 
transmissivity can be relaxed at this time since the extra constants can 
easily be determined during calibration. The calibration results, however, 
show that emissivity is close to one minus transmissivity for small values 
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of film thickness at small values of film temperature. 
To determine the constants b-,b9,b„ and b, , radiation measure-
ments were taken using a stationary contact where both the ball and 
fluid temperatures were known. In the calibration experiment (Figure 
16), the same basic test apparatus is used as is used in the EHD experi-
ment but the ball is not rotated and there is no load on the contact. 
The film thickness at the contact center is zero and can be calculated 
at other locations by geometry. The circulating oil bath keeps the 
ball, oil, and sapphire all at the calibration temperature. Under 
these conditions, a curve giving radiation as a function of film thick-
ness is obtained as the detector transverses the contact. The same 
experiment is repeated at different calibration temperatures ranging 
from 50 to 140 C. Experiments are also conducted with two different 
balls, one polished and the other oxidized to yield different surface 
emissivities. From all these radiation experiments, the values of 
b ,b_,b_ and b, are calculated in sets. Average values of these con-
stants are used in calculating the fluid film temperatures from radia-
tion measurements. Figure 17 shows emissivity and transmissivity 
as functions of film thickness for fluid Nl at a calibration tempera-
ture of 100 C. The linearity of these functions at small values of 
film thickness can be seen in the above figure. Figure 18 shows 
emissivity and transmissivity as functions of temperature for a film 
thickness of .175 um for fluid Nl. The strong dependence of emissivity 
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Figure 17. Emissiv i ty and Transmissiv i ty versus 
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Figure 18. Emissivity and Transmissivity versus Temperature 
(Film Thickness h = .175 ym, Fluid Nl), 
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Ball Surface Temperature Determination 
With the wide band filter, no fluid radiation enters the 
detector and therefore, e = 0 and x = 1. 
r r 
The equation for total radiation through the wide band filter 
simplifies to 
N • \ + N0 • V b W + (ps + Vb ) N0 (24) 
solving this equation for N_,_(T ), 
BB b 
* . 2 
N (r ) = _ E 0 s s_b_0 ( 2 5 ) 
BBV b n £, 
s b 
The values of various constants appearing in equations 24 and 25 are 
given in Appendix C. The ball surface temperature T, can now be 
obtained by calculating N_.,(T) using equation (25) and by referring 
BB 
to the black body calibration curve for the wide band filter given in 
Figure 13. T, can also be obtained by using Figure 19, which shows a 
plot of the detector output in millivolts versus the ball surface 
temperature. Figure 19 was obtained by substituting calibration data 
into equation (25). Equation (26) is a least squares fit to Figure 19 
which allows calculation of ball surface temperatures directly from 
test data. 
Tv = .1174X
3 + 4.621X2 + 4.653X + 38.94 (26) 
b 
where, X = ln(N- N.) = In N ; N = detector output in millivolts while 
0 m m 
using wide band f i l t e r . 
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Ball Surface Temperature T, , C (Upper Curve) 
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Figure 19. Wide Band Filter Calibration for Ball Surface 
Temperature Determination. 
In order to verify the radiation analysis through the wide band 
filter, ball surface temperature was measured under known conditions. 
In these experiments, the ball was held stationary in a circulating oil 
bath at a known temperature. The ball and the fluid were therefore at the 
same temperature. It was found that the fluid film did not have any 
effect on the radiation measured through the wide band filter and that 
the calculated ball temperatures were consistently within 2C of the bath 
temperature as measured by a thermocouple. These test results tend to 
substantiate the radiation analysis. 
Fluid Film Temperature Determination 
The equation for the total radiation through the narrow band 
filter is identical to equation (21). Emissivity and transmissivity 
functions for the fluid are given by equations (22) and (23). The values 
for the relevant constants appear in Appendix C. Equation (21) can now 
be solved for fluid temperature by using Figure 14 of black body radia-
tion through narrow band filter versus temperature or equation (27). 
The calibration curve of Figure 14 is analytically expressed as equa-
tion (27) by means of a least squares data fit; 
N fT) = Exp[((2.45E-7*T - 1.5702E-4)*T + 
DD 
.05463)*T - 2.808] (27) 
Ball surface temperature and local film thickness must be known in 
order to calculate the fluid temperature. Since many of the terms 
comprising the total radiation received contain parameters dependent 
on the unknown T , an iterative solution procedure is necessary. For 
F 
example, a certain T is assumed and using all the equations developed 
r 
above and the associated calibration curves, the total radiation that 
should be received is calculated. This is compared with the measured 
value. If the agreement is not satisfactory, the procedure is repeated 
with a new T (assumed) until an acceptable T_ is obtained. A computer 
r r 
program (Appendix D) was developed to perform all this using a Newton-
Raphson iteration scheme. The iteration was continued until the 
calculated radiation was within .01 percent of the measured radiation. 
In order to prepare a map of temperature over the contact area, 
it was necessary to scan the contact at regular intervals. The sampled 
values of radiation were then used to calculate temperatures throughout 
the EHD contact region. Because of the large number of grid points 
(ex.: 200 grid points per map), the computer program shown in 
Appendix D was employed to calculate temperatures. Furthermore, by 
using least squares method (in the computer program) to determine the 
contact centerline, it was possible to minimize the IR microdetector 
positioning and alignment errors. 
Results of a sample calculation of radiation through narrow 
band filter are shown in Appendix E. The contributions from different 
sources and their relative importance is evident from the calculations 
in this appendix. 
Sources of Error in Temperature Measurement 
Errors were introduced in temperature measurements mainly because 
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of possible errors in the calibration procedure. Effort was made to 
minimize these errors. Errors were also introduced due to misalign-
ment of the optical elements. 
Interference between infrared radiation emitted by ball sur-
face and sapphire flat was found negligible in the present study, 
since the film thickness under EHD conditions is a very small fraction 
(1/25 to 1/100) of the wavelength of infrared radiation. Also, the 
different sources of IR radiation do not produce coherent radiation. 
Furthermore, the presence of oil in between the ball surface and the 
uncoated sapphire considerably reduces the interfacial reflectivity. 
This poor reflectivity almost eliminates interference effects, unlike 
the IR interference fringes observed by Wedeven [91] in a dry contact 
between ball and sapphire. 
Error in film thickness measurement results mainly from improper 
reading of the fringe brightness or color. This has been estimated to 
be within ±.006 um (± .25 microinch). This error in film thickness 
affects only film temperature (±5 to 10 C) and not the surface temper-
ature. Possible error due to neglecting the sapphire contribution has 
been discussed earlier. In the bandwidth of narrowband filter the 
sapphire emissivity is close to zero and this therefore, does not 
directly introduce any error in film temperature except through error 
in ball temperature. Ball surface emissivity was assumed .21 at all 
operating temperatures. However, ball surface emissivity decreased 
slightly at high values of T (> 200 C). Fluid emissivity and trans-
missivity calibration was carried out only up to a temperature of 140 C, 
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but assumed to hold for higher temperatures. Possible error in the 
calibrated value of the ambient radiation through the narrow band fil-
ter is not critical except at very low values of radiation (z .2 mv) as 
encountered in pure rolling conditions. Errors due to improper match-
ing of the radiation scans were eliminated by employing a cam operated 
microswitch to start each traverse. However, when a filter is intro-
duced in front of the microscope* a lateral shifting of IR focal point 
may result. This shift was estimated to be less than 7.5 um per degree 
of slant of the IR filter with respect to the focal plane. . With a 
possible error in IR filter alignment of 1 to 2 degrees, a shift of 
less than 15 um may occur in IR focal point. This position shift is 
about one-half the distance between scans and nearly one-third the 
detector spot size. An error in measured temperature can be associated 
with this source. 
Considering all the above sources of error, the ball surface 
temperatures are within 2 to 3C of the measured values and fluid film 
temperatures are within 10 to 12 C of the measured value. 
The Infrared Microdetector 
The Barnes RM-2A infrared microdetector used for measurement 
of time averaged temperature as discussed above, is used for the meas-
urement of temperature fluctuatiaxas also. For this purpose, the micro-
detector is operated in the A-C mode. The response time of the detector-
preamplifier combination used in the microdetector is 8 u-sec. For 
most applications reported in this work, this response was found ade-
quate. 
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Figure 20 shows a simplified block diagram which shows the oper-
ation of the Barnes1 RM-2A infrared raicrodetector [92] in both D.C. 
and A.C. modes. The IR radiation received by the reflective type objec-
tive is sensed by the detector and a difference voltage signal propor-
tional to the input radiation appears at the output. This signal is 
amplified with a gain of approximately 100 by a high stability, high 
impedance preamplifier with D.C. feedback. The preamplifier has a low 
output impedance of 100 ft. The preamplifier signal, is available 
directly at an output jack (in the A.C. mode of operation) or processed 
by the control unit circuits (D.C. mode of operation). 
The detector used in the Barnes RM—2A IR microdetector is a 
single crystal of indium-antimonide in the photovoltaic mode. In the 
photovoltaic mode, a voltage is produced in the conductor when it is 
irradiated. In order to give high sensitivity, it is necessary to cool 
the detector to very low temperatures. This is accomplished here by 
contacting the detector with liquid nitrogen (boiling point 77 K). 
This results in some loss of wavelength range, the cutoff falling from 
7.5 jjm at room temperature to about 5.5 um at 77 K. Response time is 
8 microseconds at 77 K and about 10 ns at room temperature. But, the 
-9 
minimum detectable power drops from 10 watts at room temperature to 
about 10 watts at 77 K. This limiting sensitivity is mainly due to 
random noise generated in the detector itself. Both the thermal noise 
and current noise generated in the detector are proportional to the 
bandwidth of the measuring system [93]. In order to avoid this noise 
in the temperature measurements, an electrical bandpass filter with 
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Figure 20. Block Diagram Showing Operation of Barnes RM-2A IR Microscope 
in Both DC and AC Modes. 
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the neighborhood of signal frequencies also, noise cannot be completely 
eliminated from the signal. However, by having the upper cutoff fre-
quency at 20 KHz (at 3 db point) and a roll-off of 28 db/octave outside 
the pass band, the magnitude of noise was within tolerable limits as 
will be shown later in Chapter V. The above pass band was adequate for 
all signal frequency components produced under moderate sliding 
speeds. 
In the A.C. mode, the preamplifier output voltage will fluc-
tuate between two levels Vf and V1 . given by, 
max m m 
V = Dte.N^ +(l-e,)Nl (34) 
max b BBmax b 0 
and, V*. = D[eN „ . +(l- E l_)N] (35) 
' m m b BBmm b 0 
-1 -2 
where D = Detector constant = 6.417 mV/(mW*sr cm ) 
Subtracting (35) from (34), 
V' - V . = De [N - N 1 
max m m b BBmax BB min 
or AV =V NBBeff (36) 
Through independent calibration experiments it was determined that these 
radiation fluctuations AN„„ -- were centered around the effective 
BB ef f 
black body radiation N ff determined from the D.C. mode operation of 
the IR microdetector. The calibration experiments consisted of operating 
the microdetector in the A.C. mode with an external chopper, the target 
being the black body calibration source. Then, 
N 
M M BBeff ,._. 
NBBmax = NBB eff + ~2 ( 3 7 ) 
N . N _
 NBB ef f 
WBBmin BBeff 2 U 0 ; 
The maximum and minimum surface temperatures can then be determined 
using the black body calibration data. Since only ball surface temp-
erature fluctuations are measured, the wide band filter is used. All 
the effective radiances and voltage outputs, then, refer to wide band 
filter data discussed earlier and also available in references [94, 
95]. 
B. Surface Roughness Measurement and Analysis 
A stylus instrument - Bendix group XV measuring system - was 
used to measure the profile and other important surface geometry param-
eters. 
A photograph of the system is shown in Figure 21. The instrument 
has four principal operating parts; a tracer, a pilotor, amplimeter 
and recorder, an averaging meter. The tracer is moved mechanically 
along the workpiece. It has a diamond-pointed stylus that touches 
the work and moves up and down to follow the surface contour. The 
stylus used is a conical diamond with 60° cone angle and a rounded tip 
with a tip radius of 12.5 urn (.0005 in). This stylus did not cause 
any mechanical damage. [96,97] and was found adequate for all the work 
reported here. The output voltage produced by the tracer is propor-
tional to the height or depth of the surface irregularities. The 
pilotor supports and moves the tracer along the desired path of trace. 
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Figure 21. Bendix group XV measuring system. 
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The tracer is mounted beneath an optical flat which serves as a refer-
ence datum for straight line tracing. The speed of traverse is con-
stant at 1.25 mm/s (.005 in/sec). A modification to this traversing 
attachment was incorporated in order to allow tracing along a spherical 
surface. This was necessary because spherical balls were used in the 
EHD simulators. Details of this modification will be described later 
in this section. The amplimeter housed an amplifier that amplified 
sufficiently (250X to 100,000X) the voltage produced by the tracer. 
The recorder consists of a galvanometer type pen meter and a chart 
drive mechanism. In order to give the desired horizontal magnifica-
tion to the profile, the chart is driven at six different speeds. The 
averaging meter is designed to provide both the arithmetical average 
and root-mean-square value reading of surface roughness. 
Rotary Attachment with Relocation Stage 
Figure 22 shows a photograph of the specimen rotation attachment 
with a relocation stage fitted to the Bendix group XV system. The 
rotation attachment was necessary to allow measurements over an ade-
quate arc length at high vertical magnification. For this purpose, 
the ball is rotated about its arcs under a fixed tracer; effectively 
increasing the ball radius to obtain increased arc length. Figure 23 
shows the arrangement used. 
A relocation mechanism is incorporated in the rotation attach-
ment. This mechanism helps in recording the profile at precisely 
the same point on the ball surface before and after being run in the 
EHD simulator, to detect any change in the surface profile. Referring 
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Figure 23. Schematic of the Rotary Attachment with Relocation 
Stage (mounted on the Bendix Group. XV Frofilometer) 
79 
b, and y) are removed by using a pair of v-blocks. The other two 
degrees of freedom are removed by providing stops. Extreme care had 
to be exercised in not disturbing any of the settings on the profilo-
meter while a relocation profile was being taken. 
Surface Texture Assessment 
The electrical signal out of the instrument often includes 
various wavelengths irrelevant to the texture of interest. Establish-
ing a reference line within the profile permits roughness to be sep-
arated from the profile. In the Bendix system, this is done by a fil-
ter (2CR type) in the electronic unit, which effectively looks at a 
length of the surface equal to the sampling length. One of the fol-
lowing sampling lengths [93,94]; 0.08 mm (.003 in), 0.25 ram (.010 in), 
0.8 mm (.030 in) can be selected on the Bendix machine. A sampling 
length of .030 inch was chosen for all the parameters reported in this 
work. Reasons for this selection will become apparent in Chapter V. 
In addition to filtering the surface profile in the longer wavelength 
region, the stylus tip itself provided filtering of short wavelength 
features by virtue of its finite tip dimensions and sometimes by the 
slope of its flanks. Figure 24 shows the total profile of a typical 
surface [98], When this profile is filtered by choosing suitable 
sampling lengths, the important components of the surface texture 
namely, roughness (primary texture), waviness (secondary texture), and 
error of form, are revealed. Details of filtering and different types 
of filters are available in references [98-106]. 
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Figure 24. A Surface Texture Representing the Combined Effects of Seyeral Causes 




which is simply the average value of the modulus of the deviations of 
the profile from the mean line, is used as the single most important 
parameter in this work. Being of an integrated nature, it tends to be 
reliable. 
Fundamentally, in order to specify the information in a single-
dimensional random waveform (such as a surface profile graph), two 
quantities are needed; the amplitude density function and the auto-
correlation function. The former, commonly called the height distribu-
tion, is a measure of the frequency with which the profile equals a 
given level; the autocorrelation function is a measure of the dependence 
of one part of a profile on another. The autocorrelation function (or 
alternatively, its Fourier transform, the power spectral density) is 
therefore, a measure of the spacings on the surface. Further discussion 
on these functions are given in Chapter V. Also excellent discussions 
of these and other parameters are available in literature [56,57,107-
119]. 
Profile Recording 
The output data from the profilometer is available in the form 
of analog voltage fluctuations corresponding to the height readings on 
the surface. These voltage fluctuations were subjected to the commonly 
used time-series analysis techniques to reveal the important features 
of the surface. It was found convenient to record the output from 
the profilometer since an online analyses was not available. However, 
this method was useful because the frequency of the profilometer data 
could be stepped up to a convenient value for the analysis. The 
profilometer scanning speed being .125 mm/s (.005 in/sec), the output 
frequencies were very low ranging from .1 Hz to 100 Hz. By recording 
this data at a low speed of 1 7/8 in/sec and playing it back at a higher 
speed of 15 in/sec, the data frequency could be stepped up by a factor 
of 8. 
An Ampex SP-300 instrumentation recorder was used. This recorder 
offers pushbutton selection of either direct or FM recording, and by 
an internal jumper connection, audio recording. The FM recording tech-
nique was used for surface profile recording because of the low frequen-
cies involved. Frequency response in the FM mode, with a clean tape 
and head, is 0 to 312 Hz at 1 7/8 in/sec speed, and was adequate for 
the purpose of this work. Maximum output voltage level (output impedance 
= 100 ft) was 1 volt rms but could be monitored for any lower value. 
Frequency Analysis 
Frequency analysis of the surface profile data was conveniently 
performed on an available Fourier analyser system (Hewlett-Packard 
5451 A). The Fourier analyser system uses digital signal processing 
techniques. This was found convenient because: (1) digital equipment 
is more accurate and insensitive to environmental factors, (2) digital 
equipment is more flexible and easily adaptable, in addition to having 
a greater dynamic range (DC to 25 KHz for HP 5451 A system). 
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Results of all operation are displayed on the oscilloscope. In addi-
tion, results can be printed out in decimel numbers on the teleprinter, 
punched on paper tape or plotted on an external X-Y plotter. The 
Fourier analyser system is a completely calibrated system; all dis-
plays and data outputs are accompanied by a scale factor. The con-
structional and operational details of the Fourier analyser and the 




RESULTS AND DISCUSSION - I, TIME STEADY TEMPERATURE 
In this chapter, time steady temperatures of the ball surface 
and the fluid are reported. The operating conditions include differ-
ent Hertz pressure levels, a range of sliding and rolling velocities 
and slide-roll ratio varying from -2 to +2. Values of film thickness 
and traction are also reported under certain operating conditions. 
Comparison of the measured temperatures with the average temperatures 
predicted by using the flash temperature theory of Blok is also 
reported. 
A. Results for Simple Sliding 
Results given in this section are concerned with the case of 
simple sliding where the sapphire is stationary and the ball surface 
is moving. The operating conditions consist of different Hertz pres-
sure levels and a range of sliding velocities. 
The film thickness distribution was determined by laying a 
transparent grid on top of the fringe pattern photograph and observing 
through a low power microscope. Fringe order and therefore film thick-
ness was determined at each grid location corresponding to the corners 
of a .025 x .025 mm square. These film thickness values have been 
tabulated in Appendix F. Because of symmetry, only one half of the 
contact region is shown. Tables F1-F6 are for ¥ = 1.02 GPa, 
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T, , = 40 C, and six different speeds. Difficulty was experienced in 
acquiring film thickness data at the highest speed of 12.7 m/s due to 
the dynamic nature of the EHD contact. Therefore, film thickness 
values were extrapolated from the known values at lower sliding speeds. 
Tables F7-F9 correspond to PTT = 1.51 GPa, T, = 40 C at three dif-
H bath 
ferent sliding speeds. Figure 25 shows the film thickness distribution 
along the centerline of the EHD contact from inlet to exit, for the 
case of P = 1.02 GPa and T, , = 40 C at six different sliding speeds. 
The film thickness in the high pressure plateau region for the three 
lower sliding speeds are essentially constant. But with increase in 
speed the exit restriction becomes noticeable. The position of the 
local maximum film thickness which occurs slightly before the exit 
restriction is believed to correspond to the position of the secondary 
pressure spike in the EHD contact. The manner in which these results 
influence the temperature distribution will be described later in this 
section. 
Temperatures of the ball surface and the fluid film are measured 
using the infrared technique described earlier. Tables Gl - G18 in 
Appendix G show the results obtained at 9 different operating condi-
tions. Because of symmetry, only one half of the EHD contact is con-
sidered. The direction of sliding is from top to bottom in the 
results shown. The numbers 1 through 9 indicate the distance of the 
grid point from the center of the contact in thousandth's of an inch. 
Using the results shown in Tables G5, G6, G15 and G16, tempera-
ture contour maps were prepared. Contours were drawn by linearly 
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Figure 25. Film Thickness Profiles along Centerline versus Speed 
(Smooth ball: .011 ym R , Fluid Nl, P = 1.02 GPa 




temperature. Figure 26 is a temperature contour map showing the ball 
surface temperature as a function of location in the EHD contact for 
a sliding speed of 1.39 m/s and a load of 67 N (peak Hertz pressure 
is 1.02 GPa). Along with the boundary of the Hertzian contact zone, 
isotherms are shown for increments of 10 C. For a bath temperature of 
40 C, the ball surface temperature increases to a maximum of 117 C at 
a point on the centerline downstream of the contact center. Figure 27 
shows a similar plot for the lubricant temperature for the same condi-
tions. Unlike the well behaved distribution of ball surface tempera-
tures (Figure 26), the fluid temperature (Figure 27) varies dramatically, 
indicating the possible presence of local hot spots. It should however 
be remembered that the margin of error on fluid temperature is 10 to 
12 C. This may in part explain the dramatic variation of fluid temper-
ature over the contact region. Although one of the locations of maximum 
fluid temperature is near the point of maximum ball surface temperature, 
extreme temperatures are also found at the sides of the contact at the 
film constriction. The film thickness at this point is approximately 
0.05 micron. Figure 28 presents some of the temperature data given in 
Figures 26 and 27 along with the film thickness variation, as a function 
of distance along the centerline in the direction of flow. It can be 
seen that film thickness values as low as 0.05 urn are present. How-
ever, no significant asperity interactions are present because the 
composite surface roughness of the ball and sapphire is .013 urn. The 
fluid temperature is typically 40 to 50 C higher than the ball surface 
temperature in the same location. Figure 29 shows the effect of sliding 
I n l e t 
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Figure 26. Ball Surface Temperature T (C) versus EHD Contact 
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Figure 27. Fluid Temperature T (C) versus EHD Contact 
Location (Smooth ball: .011 m R , P = 1.02 GPa, 
Fluid Nl, Tu ^ = 40 C, Vu = 1.39
am/s, V =0). 













.1 -.05 0 .05 .1 
Position along Centerline, mm 
Figure 28. Fluid and Ball Surface Temperature along Contact Centerline 
(Smooth ball: .011 urn R , Fluid Nl, P0 = 1.02 GPa, 
T, . = 40 C, V = V = ?.4 m/s, V 
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speed on the maximum ball surface temperature, the maximum fluid 
temperature in the contact, the maximum fluid temperature on the con-
tact centerline, and the film thickness at contact center. The maxi-
mum fluid temperature in the contact remains substantially constant 
(with in ±12 C) while the ball surface temperature increases with 
speed from 75 C at .35 m/s to 133 C at 5 m/s and then is constant at 
135 C to 12.7 m/s. 
The maximum fluid temperature in the contact and the maximum 
fluid temperature on the centerline are not necessarily equal to each 
other even though they are very close in value. In other words, depend-
ing on the operating conditions of speed and load the maximum fluid 
temperature may occur on the centerline or at the side lobe constric-
tion. The effect of speed and load is considered at a greater length 
later in this section. A summary of the most significant portions of 
the results obtained are shown in Table 2. This data includes the 
pertinent film thickness values along with the ball and fluid temper-
atures at four points in the contact: the Hertzian boundary in the 
inlet zone, the contact center, the maximum temperature along a contact 
centerline parallel to the direction of sliding, and the maximum temper-
ature in the contact side lobe constrictions. 
Similar measurements for the case of a normal load of 215 N 
(1.51 GPa peak Hertz pressure) were made and the most important results 
are given in Table 3. It can be seen from Table 3 that the film thick-
ness at the center of the EHD conjunction, at the side lobes and at 
the contact exit are all essentially the same. This constant film 
Table 2. Summary of Experimental Results for 67 N Normal Load 
(smooth ball: .011 Mm R , Fluid Nl, Pu = 1.02 GPa, T, . = 40 C, V = 0) 
















Line Si de Lobe 
Max 
Speed Min. Min. C C C i C 
m/s Mm Mm um Ball Fluid Ball Fluid Ball 1 fluid Ball Fluid 
12.7 0.35 0.16 0.25 67 124 102 154 130 180 116 200 
5.08 0.22 0.11 0.13 56 102 120 179 133 185 78 155 
2.54 0.18 0.09 0.13 56 115 113 132 123 185 88 177 
1.4 0.13 0.09 0.09 54 125 98 156 117 171 60 173 
0.7 0.09 0.08 0.08 46 120 83 166 96 178 58 194 
0.35 0.07 0.05 0.05 45 155 67 188 76 198 46 162 
Hertzian boundary in the inlet region. 
KO 
UJ 
Table 3. Summary of Experimental Results for 215N Normal Load 
(Smooth ball: .011 \im R , Fluid Nl, P = 1.51 GPa, T = 40 C, V _ = 0) 
a ti Datn sa 
ho ho Temp . Temp . Temp Temp. 
Sliding h 
c 
Sidelobe Center Line at Inlet* C at Center C Centerline Sidelobe 
Speed min min Max C Max C 
m/s m m m Ball Fluid Ball Fluid Ball 1 ?luid Ball Fluid 
0.70 0.065 0.065 0.065 67 155 136 212 149 217 76 168 
1.39 0.088 0.088 0.088 85 163 156 224 175 226 110 186 
2.54 0.088 0.088 0.088 91 177 187 243 197 246 No Sidelobe 
max. 
Hertzian boundary in the inlet region. 
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thickness tends to give more symmetric temperature distributions than 
previously observed. 
In addition, at the higher load (215 N), the maximum ball sur-
face and fluid temperatures always occurred on or near the contact 
centerline at a point downstream of the contact center. The reason 
for this is that the pressure, and the viscosity, is greatest at the 
contact center, and consequently, for a uniform film thickness, viscous 
dissipation is a maximum at the center. However, since the fluid resi-
dence period increases as the fluid moves toward the exit, the position 
of the maximum temperature could be between the contact center and 
exit depending on the effectiveness of heat transfer at the bearing 
surfaces. At lower loads (67 N), the maximum fluid temperature may 
occur off the contact center line, for example, at the side lobe con-
striction. 
Figures 30 and 31 show temperature contours for a sliding speed 
of 1.39 m/s and peak Hertz pressure of 1.51 GPa. The general shape of 
the ball surface temperature contours (Figure 30) is similar to that 
found at lower loads (Figure 26). In this case, the ball surface enters 
the Hertzian contact at 85 C and reaches a maximum of 180 C downstream 
of the contact center and exits at 163 C. The fluid temperature con-
tours shown in Figure 31 show that the difference between the primary 
maximum (226 C) on the centerline and the secondary maximum (186 C) in 
the side lobes has significantly increased compared to the lower load 
of 67 N (Figure 27). In the lower load case, the temperatures were 
171 C and 173 C respectively. At 215 N, the secondary maximum disappears 
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Figure 30. Ball Surface Temperature T (C) versus EHD 
Contact Location (Smooth ball: .011 urn R , 
P„ = 1.51 GPa, Fluid Ml, T = 40 G, 

























EHD Contact Location, mm 
Figure 31. Fluid Temperature T (C) versus EHD Contact 
Location (Smooth ball: .011 ym R , P = 
1.51 GPa, Fluid Nl, T, _, = 40 C.V = 1.39 
/ T, _ M b a t h b 
m/s, V =0) 
sa 
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Also, the position of the maximum fluid temperature is upstream 
of the position of the maximum ball surface temperature. Keeping in 
mind that the fluid film temperatures are essentially fourth power averages 
through the film. The observed shift in peak temperatures does not imply 
a violation of physical principles , since the fluid temperature gradients 
at the ball surface may change considerably with position along the cen-
terline allowing a matching of ball and fluid temperature levels at the 
interface. 
Figures 32 and 33 show respectively the ball surface and fluid 
temperatures along the centerline for a range of speeds. Results for 
both 67 N and 215 N are shown. The difference between the nature of the 
temperature distribution along the centerline for the two loads is 
attributable to different shapes of the film thickness profiles. The 
nearly constant film thickness at the 215 N load yields fluid tempera-
tures, which like the ball surface temperatures in both cases, change 
smoothly along the centerline. The position of the maximum temperatures 
and the manner in which they vary can be clearly seen in these two fig-
ures. Since the fluid reservoir was maintained at 40 C, it is apparent 
that a significant amount of viscous heating in the contact inlet is 
occurring and the amount of dissipation increases with load. 
The amount of inlet heating is clearly shown in Figures 34 and 35. 
Figure 34 shows ball surface temperature rise at the inlet boundary of 
the Hertzian contact zone as a function of sliding speed at two different 
Hertz pressures of 1.51 and 1.02 GPa. It is apparent that inlet heating 
is very important at all but very low speeds and small loads. An inlet 
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Figure 32. Ball Surface Temperature Rise Along Centerline 
versus Speed (Smooth ball: .011 um R , Fluid Nl, 
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Figure 33. F lu id Temperature Rise along Centerl ine 
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Figure 34. Bal l Surface Temperature r i se at I n l e t Boundary of the Hertzian 
Region versus Sl id ing Speed (Smooth b a l l : 
bath = 40 C, V = 0) 
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Temperature Rise (above Bath Temperature) at the Inlet 
Boundary of the Hertzian Contact, versus Sliding Speed 
(Smooth ball: .011 ym R„, Fluid Nl , Pu = 1.51 GPa, 
T bath = 40 C, V = 0) sa 
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surface temperature rise of 50 C at P equal to 1.51 GPa and V equal 
to 2.54 m/s, can considerably reduce the viscosity of the fluid in the 
inlet zone and so also the film thickness. The increase of temperature 
rise with increasing speed and load is due to increased shearing in the 
inlet zone. Figure 35 shows ball surface and fluid temperature rise at 
the inlet boundary of the Hertzian contact zone as a function of sliding 
speed at P = 1.51 GPa. The fluid temperature rise is about 70 to 80 C 
higher than the surface temperature rise. Since this temperature differ-
ence is maintained in an oil film .075 um thick, very large temperature 
gradients through the film exist. These large temperature gradients in 
the film are required because the large amount of energy dissipated in 
the film has to be conducted away by the sapphire and ball surfaces. 
Greenwood and Kauzlarich [127] have developed a model for inlet 
shear heating in elastohydrodynamic lubrication with which the excess of 
fluid temperature rise over the ball surface temperature rise at contact 
inlet boundary can be calculated. Even though this model is applicable 
for pure rolling only, they have suggested an expression for the case 
which includes sliding. When this expression is used for conditions 
referred to in Figure 35, the calculated temperature-excess is much lower 
than the experimental values. This apparent discrepancy can be explained 
as follows. The model assumes that the two surface temperatures are 
equal. This assumption is not valid for the case of simple sliding, where 
the stationary surface temperatures can be significantly higher than the 
moving surface temperature. Stationary surface temperatures are reported 
in the next section. Figure 54 in the next section indicates that the 
temperature rise for the stationary ball surface at the Hertzian inlet 
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boundary is 47 C for P = 1.02 GPa. Since the thermal properties of 
n 
sapphire and ball are similar, a sapphire surface temperature rise at the 
Hertzian inlet boundary of 140 C can be expected for P = 1.51 GPa and 
rt 
V =2.0 m/s. Referring now to Figure 35, fluid temperature rise (fourth 
power average through the thickness) of 130 C appears very reasonable. 
Therefore, the large fluid temperature rise in the inlet zone is due to 
high temperature of the stationary surface in the inlet region. 
Figure 36 shows the ball surface and fluid temperature at the cen-
ter of the contact as a function of sliding speed at P., =- 1.51 GPa. The 
n 
uniform increase of temperatures is due to increasing dissipation in the 
oil film at increasing sliding speeds. The fluid temperature is typically 
50 C higher than that of the ball surface. 
The excess (averaged over the contact area) of fluid temperature 
over the ball surface temperature can be calculated by using the simple 
approach due to Archard [45], It is assumed that conduction to the surfaces 
is the main mechanism of heat transfer. This assumption can be justified 
by calculating the heat convected away by the fluid. 
For purposes of calculating the heat convected by the fluid, a 
linear velocity profile can be assumed. With T_ being the maximum 
J F max 
temperature of the fluid (through the thickness), the rate at which heat 
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For a mineral oil, the above ratio comes out to be [9] approximately 120. 
Clearly, then, a reasonable assumption in elastohydrodynamic analysis is 
to assume that the heat produced by viscous dissipation is conducted 
directly to the solids. This assumption is further justified by the 
fact that the solid surfaces are nearly 200 times more conductive than the 
fluid. 
With the assumption of conduction as the main mechanism of heat 
transfer in the film, it can be shown that (Jakobsen and Winer [33]), 
the shear stress across the fluid film is a constant, and therefore the 
rate of shear strain and also the rate of heat generation which determines 
the temperature distribution is inversely proportional to the viscosity. 
Since viscosity decreases dramatically with temperature, the rate of heat 
generation is a maximum in the plane (parallel to the flow direction) of 
highest temperature. The plane of maximum temperature is obviously the 
adiabatic plane. The adiabatic plane is assumed to be located at the 
fluid midplane. This has been found reasonable by many investigators 
[9,33,45,128,129] for small values of slip velocity. Further discussion 
on this assumption appears in the next section when both the solid surfaces 
are allowed to move. However, the value of the midplane temperature 
obtained from this assumption, will be higher than that for any other 
location of the adiabatic plane, since the value of the maximum temper-
ature is not greatly influenced by the location of the adiabatic plane 
(Refer Jakobsen [33,130]). 
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Following Archard [45] and using the above assumptions, the steady 
state temperature-excess in the fluid midplane is given by 
(39) T F max " T b 4 k F 
TC . w •V 
s 
q = Y 
na 
where, q = - (40) 
na 
for a nominal sliding point contact problem. For the case of 215 N 
normal load (P =1.51 GPa) at a sliding speed of 2.54 m/s with measured 
n 
traction coefficient equal to .07, the calculated value of (T - T, ) 
H ' Fmax b 
is 30 C. But, the measured value is 60 C. Similar discrepancies exist 
at other operating conditions. 
An inherent assumption in the above calculation has been that the 
two surface temperatures are equal. The stationary surface temperature 
reported in the next section clearly shows that this assumption is not 
valid for simple sliding. Referring to Figure 54 (Chapter V), the sta-
tionary ball surface temperature can be significantly higher than that 
of the moving ball surface. Approximate calculation based on data of 
Figure 54 shows that the stationary sapphire temperature is 60 C higher 
than the moving ball surface temperature at a load of 215 N and a sliding 
velocity of 2.54 m/s. Under these conditions a measured excess fluid 
temperature of 60 C (fourth power average through the thickness) over the 
moving ball surface temperature appears very reasonable. 
Archard [45] mentions that the pressure-viscosity effect (which 
makes the heat flux to peak at contact center) is a possible reason for 
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the discrepancy between the calculated and the measured values. This 
however is not true because discrepancies exist all over the contact 
region, where the pressures are not necessarily high. 
Therefore, it can be concluded that any calculation used to pre-
dict the excess fluid temperature over the ball surface temperature must 
take into account the significant difference between the stationary and 
the moving surface temperatures. 
Ball Surface Temperature Measurements and Correlations with Flash 
Temperature Theories 
In order to understand the failure of elastohydrodynamic films 
and the behavior of the contact temperatures, it is necessary to examine 
the EHD contact under conditions which result in relatively thin films, 
i.e., films of the same thickness as the composite roughness of the 
bounding surfaces. Under such circumstances, the fluid may be locally 
discontinuous, resulting in ambiguous fluid temperature readings. There-
fore, during this study, only the ball surface temperature was measured. 
In addition, for convenience, measurements were taken only at the center 
of the Hertzian contact. The temperature at the contact center is near 
the maximum and is, therefore, representative of the most severe condi-
tions in the EHD contact. 
In the following discussion, only temperature rise i.e. the ball 
surface temperature minus the bath temperature, is considered because of 
the reasons cited below. The local frictional energy dissipation gives 
rise to high temperature level in the vicinity of the contacting surfaces. 
The surface temperature attained consists of two parts. First, the overall 
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heat transfer characteristics of the system primarily influence the bulk 
temperatures. These bulk temperatures are representative of the fairly 
uniform level of those parts of the temperature fields in the rubbing 
bodies that do not lie too close to the conjunction zone. Second, during 
the passage of the surface under the heat source due to local frictional 
energy dissipation, the surface temperatures increase rapidly and these 
are referred to as flash temperatures. Several theories exist for pre-
dicting the flash temperatures of rubbing solids. In order to compare 
the experimentally measured ball surface temperatures with those predicted 
by flash temperature theory, the bulk temperature has to be subtracted 
from the experimental values. The oil bath temperature as measured by a 
thermocouple in the reservoir can be considered as the bulk temperature in 
the present case. The amount of time the ball surface is in contact with 
the oil bath is typically more than 500 times the thermal diffusion time 
of the material of the steel ball (defined as the time required for heat 
to penetrate one Hertzian radius below the surface) and therefore, the 
bulk temperature for the ball surface should be fairly close to the oil 
bath temperature. In fact, through his approach of thermal network 
theory, Blok [42] has calculated the bulk temperature for an example case 
of a gear transmission system and has found that the calculated bulk 
temperature is close to the oil bath temperature within 2 C. However, in 
some contact systems where the surface heat transfer is not as effective 
as in the present system, the appropriate bulk temperature can be sig-
nificantly higher than the oil bath temperature. This complicates the 
system flash temperature calculation considerably, since bulk temperature 
is hard to estimate. 
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Figure 37 shows a plot of the ball surface temperature rise at the 
contact center above the bath temperature, as a function of sliding 
velocity for peak Hertz pressures ranging from 0.52 to 2.03 GPa. For a 
given Hertz pressure, the data plotted on log-log coordinates falls on 
one straight line for velocities up to a break-point value and then on 
another line, of lower slope, for higher velocities. The data of Figure 
37 has been replotted at selected velocities as a function of Hertz 
pressure in Figure 38. The temperature rise is the difference between 
the ball surface temperature at the contact center and the lubricant bath 
temperature as measured with a thermocouple. Figure 38 shows that 
except for the combined conditions of relatively high velocity and Hertz 
pressure, the data for a given speed follows a power law model with an 
exponent on Hertz pressure of approximately 2. 
The trends shown in Figures 37 and 38 can be predicted using the 
techniques of Blok [42], Jaeger [44], and Archard [45]. The energy dis-
sipation rate in the contact is equal to the product (W'TOV ). The 
heat flux to each surface is then proportional to the dissipation rate 
divided by the area of the contact, or 
_ W-TC-V 
q * — ^ « TOP -V (41) 
Z H S 
Tra 
where the constant of proportionality includes the portion of the total 
heat flux transferred to the ball. 
According to Jaeger [44] and Archard [45] the temperature rise 
on the surface of a solid moving at velocity V, and subjected to heat 
flux q can also be described in terms of a non-dimensional parameter 
NON-DIMENSIONAL PARAMETER L FOR Pu = 1.70 GPa 
H 
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Figure 37. Ball Surface Temperature Rise at Contact Center (.011 ym Ra roughness, 
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Figure 38. Ball Surface Temperature Rise at Contact Center 
versus Peak Hertz Pressure (Smooth ball: 
.011 ym Ra, Fluid Nl, T. .. = 40 C, V = 0) 
(1 < A < 2 for Pu = 2.03 GPa only, otfierwise 
A > 2). H 
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L = t-j/tn (2L is called Peclet number by many authors). The term t- = 
2 -
a /2a represents the time required for the effect of q to penetrate a 
distance a below the surface, whereas t_ = a/V, represents the time 
z b 
required for a point in the contact to move a distance a. Therefore, 
for a given fluid and ball, L is proportional to (P -V, ). The varia-
H. D 
tion in AT, (ball surface temperature at the center - bulk oil tempera-
ture) is given as (for simple sliding V, = V ) 
b s 
AT oc TOP -L for L < 0.1 (42) 
b rl 
and 




2 -V, for L < 0.1 (44) 
b H b 
and 
3/2 1/2 
AT oc TC-P,;7 -V, ' for L > 5 (45) 
b H b 
The parameter L has been plotted in Figure 37 for the case of P = 1.70 
H 
GPa. The values 0.1 and 5 represent points for which the full solution 
is in good agreement with the limiting cases of equation (44) (stationary 
heat source solution) and equation (45) (fast moving heat source solution) 
respectively. 
In order to determine how well the data fits the Jaeger-Archard 
predictions of equations (44) and (45), a multiple regression analysis 
14 
of the data shown in Figure 37 was performed. For each Hertz pressure 
level, the data were divided into two regions separated by a break-point 
velocity. This break-point velocity is a function of Hertz pressure and 
can be described by 
VBp = .53 P"
1 (46) 
with a correlation coefficient r = .95. This corresponds to a value of 
L equal to 3.4 at the break point, which compares reasonably well with 
the theoretical break point value of 1*0 [45]. The apparent discrepancy 
between the theoretical and experimental values of L at the break point 
is perhaps due to the unavailability of data for very small values of L. 
For sliding velocities below V , 




with r = .978. For velocities above V.,.,, 
Br 
AT = 53.52 P J - ^ V 0 , 3 4 (48) 
o n b 
2 
with r = .985. In terms of normal load, equations (47) and (48) may 
be approximated by 
ATb = 3W
2/3Vb





 / J for Vb >_ Vfip (50) 
115 
These relations were obtained assuming a constant traction coeffi-
cient. However, from equations (41), (44) and (45) it is apparent that the 
influence of change in traction coefficient must be included. Based on 
data available elsewhere [79,131], the traction coefficient has only a 
slight positive dependence on P in the pressure ranges studied. Further-
H 
more, the traction coefficient was found to be dependent on sliding 
velocity to the power -0.29 with r = .994. The traction data used were 
for 3 <_ L _< 22. Including this dependence in equations (47) and (48) 
results in 
AT„ - P„2 • °2V • 8 2 V ""2? - PH
2 • ° V 8 2 • TC (51) b H b b H b 
and 
AT « P,!'34 V- 6 3V"- 2 9 - P ^ 3 V " • TC (52) 
D H b b H b 
Recalling that equations (44) and (45) represent limiting cases, the 
experimental results appear to be in good agreement with the predicted 
trends (equations (44) and (45)). 
In addition to a comparison of trends with P and V > a comparison 
of ball surface temperatures, calculated using the method outlined by 
Archard [45], and the experimental results has been made and the results 
are summarized in Table 4 and Figure 39. The measured values are either 
the temperature at the contact center, when only those temperatures were 
recorded, or the average of the temperatures in the Hertzian contact 
area. Table 4 shows these temperatures as functions of peak Hertz pressure 
and sliding velocity. 
Table 4. Summary of Comparison of Measured Temperatures 
and Those Predicted by the Blok-Jaeger-Archard 





Traction Avg. Calculated Measured Center Avg. Measured 
(GPa) (m/s) Coefficient Temp erature (°C) Temp erature (°c) Temp •erature (°C) 
2.03 1.0 0.07* 158 172 -
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Figure 39. Comparison of the Average Contact Temperatures 
Calculated using the Blok-Jaeger-Archard Theory 
and the Measured Temperatures (Smooth ball: 
.011 urn R , Fluid Nl, V = 0 ) . 
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It should be noted that the calculated temperatures were obtained 
by adding the bath temperature, as measured with a thermocouple, to the 
calculated temperature rise. The measured values, however, whether the 
centerline or contact average temperatures, are the values which result 
directly from the experimental data reduction for the cases where trac-
tion measurements were made. The measured values should be somewhat 
higher than the calculated values since both the lubricant and sur-
face temperatures just outside the EHD contact are significantly higher 
than the bath oil temperature due to conduction and inlet, heating. 
Because it considers conduction as the only heat transfer mech-
anism, the flash temperature theory should best agree with experimental 
results at high pressures [132,133]. In these cases, the ratio of con-
tact length to film thickness is the greatest thereby making conduc-
tion more significant. This trend is supported by the data for P = 1.51 
H 
GPa and 1.05 GPa, in which contact average measured temperatures have 
been determined. The average deviation between calculated and measured 
temperatures was 4.8% for the 1.51 GPa data and 17% for the 1.05 GPa 
data. 
B. Results for Combined Rolling and Sliding 
A number of devices in which Hertzian contact conditions occur, 
have relatively small amounts of slip or none at all. Experimental 
results reported in the previous section have large amounts of sliding. 
The results presented in this section are primarily concerned with the 
influence of slip on lubricant film thickness, traction and ball sur-
face temperature. 
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Very often a combination of rolling and sliding in kinematically 
described by a parameter referred to as the slide-roll ratio and denoted 
by E. E is the ratio of the slip speed (difference between the surface 
velocities) to the rolling speed (average or one-half the sum of the two 
surface velocities). Thus, E is given by (V, - V )/ —(V^ +V ). E can 
b sa z b sa 
vary between -«> and -H». The value of E equal to 0 corresponds to condi-
tions of pure rolling, when the two surfaces are moving at the same speed 
in the same direction. Values of E equal to ±2 correspond to the cases 
when one of the surfaces is moving and the other stationary. E equals ±°° 
refer to conditions where the rolling component is zero, when the two sur-
faces move at the same speed but in opposite directions. The range of 
practical interest is however, E equal to -2 to +2, and only this range is 
investigated in the present work. Even though incorrect, many investiga-
tors refer to E equal to ±2 as pure sliding, and the reader is to be cau-
tioned about this misuse. Instead, E equal to ±2 is referred to as 
simple sliding in this work. 
All the results reported in this section were obtained using the 
combined rolling and sliding EHD simulator described in Chapter II. The 
dichromatic optical interference technique was used for the determination 
of film thickness. Traction and ball surface temperature were measured 
using the techniques described in Chapters II and III. By independently 
measuring the ball surface and sapphire speeds, and knowing the track 
radius on the sapphire disk, the slide-roll ratio is easily computed for 
each experiment. 
Table 5 is a summary of the film thickness and traction experiments. 
Rolling velocity, slide-roll ratio and peak Hertz pressure were all varied. 
In all cases, the smooth ball (.011 p R ) was used. 
Table 5. Summary of Rolling Experiments: 
Film Thickness and Traction 










0.5 2.00 1.00 
M 0.60 0.30 
II 0.40 0.20 
II 0.20 0.10 
II 0.00 0.00 
II -.20 -.10 
II -.40 -.44 
II -.88 -.44 
0.75 2.00 1.50 
ii 1.20 0.90 
ri 0.67 0.50 
ii 0.13 0.10 
it 0.00 0.00 
M 2.00 1.50 
11 1.20 0.90 
II 0.67 0.50 
tl 0.19 0.14 
II 0.00 0.00 
II -.10 -.08 
II 2.00 1.50 
II .27 -.20 
II 0.00 0.00 
II -.27 -.20 
0.51 0.00 0.00 
0.72 0.00 0.00 
1.00 0.00 0.00 





































































Photomicrographs of the optical interference fringes for one set 
of operating conditions are shown in Figure 40. Figure 40 contains 
data for slide-roll ratio ranging from -.10 to 2.00. It can be seen 
from Figure 40 that the film thickness at contact center is essentially 
constant over the entire range of slide-roll ratio. Photomicrographs 
similar to the ones shown in Figure 40 were taken for other operating 
conditions also. A map of film thickness over the entire contact region 
can be prepared using these pictures. However, only minimum film 
thickness and center film thickness values were recorded. By noting 
the color of the fringe appearing at the desired location and referring 
to the calibration chart for the dichromatic fringe system (Figure 9), 
the film thickness values were directly determined. 
Film thickness and traction have been plotted as a function of Z 
in Figures 41 and 42 respectively. The effect of the slide/roll ratio 
on film thickness is small. In fact, both the minimum and center film 
thickness depend on sliding velocity to a power in the range 0 to -0.09 
depending on the Hertz pressure and rolling velocity. It is apparent 
from Figure 42 that the peak normally obtained in TC vs. E experiments 
in line contacts is not present here. Wedeven's traction data for 
point contacts [78] also lacks such a peak. 
The influence of rolling velocity on film thickness and traction 
under conditions of zero slip is shown in Figure 43. A regression 
analysis of the data for P = 1.02 GPa and E = 0 results in 
2 = 2.00 2 = 1.20 2 = 
2 = .19 2 = 0 2 
Figure 40. Photomicrographs of optical interference fringes representing film 
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Figure 41. Film Thickness as a Function of Slide-Roll 
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Figure 43. Film Thickness and Traction Coefficient as a Function of Rollinq 







Table 6 shows the results of the ball surface temperature meas-
urements. Because of small changes in the lubricant bath temperature 
during the course of the experiments, the temperature rise 
AT(AT = T, - T, ,) has been tabulated instead of the absolute tempera-
b bath 
ture of the surface. Also, due to the relatively low infrared detector 
signal level under conditions of small amounts of sliding, only the 
more severe conditions of those listed in Table 5 were used in the 
temperature measurement experiments. However, these conditions are 
closer to those found in normal practice. 
The data from Table 6 has also been plotted and is shown in 
Figures 44 - 46. Figures 44 and 45 show the dependence of temperature 
rise on slide-roll ratio £ for rolling velocities of 0.75 and 1.00 m/s 
respectively. A linear regression analysis of the maximum temperature 
rise data for both the rolling velocities resulted in 
AT = 30.3E + 1.2, °C (56) 
b 
with a correlation coefficient of 0.99. 
Figure 46 shows the temperature rise as a function of rolling 
velocity for the case of pure rolling (E = 0). The data fit the straight 
line 
h = 0.25 V 4 8 , r = 
c 
—.99 
h = .13 V ^ , r = 
m 
— 79 
TC = .024 V , r = 
127 
Table 6. Summary of Rolling Experiments: 
Ball Surface Temperature Rises 
(Smoo th ball: .011 Mm R , 
a PH = 1-














m/s m/s °C °c 
0.75 2.00 1.50 1.50 0.00 42 54 64 
0.75 1.20 0.90 1.20 0.30 42 35 36 
0.75 0.99 0.74 1.12 0.38 43 26 26 
0.75 0.56 0.42 0.95 0.54 42 14.5 15 
0.75 0.27 0.20 0.85 0.65 40 6 6 
0.75 0.13 0.10 0.80 0.70 41 4.5 4.5 
0.75 0.00 0.00 0.75 0.75 41 4 4 
1.00 2.00 2.00 2.00 0.00 44 53 62.5 
1.00 1.50 1.50 1.75 0.25 45 42 46.5 
1.00 1.30 1.30 1.65 0.35 45 37.5 39 
1.00 1.04 1.04 1.52 0.48 44 36 37.5 
1.00 0.60 0.60 1.30 0.70 43 21 21.5 
1.00 0.40 0.40 1.20 0.80 43 10.5 10.5 
1.00 0.12 0.12 1.06 0.94 42 6 6 
1.00 0.00 0.00 1.00 1.00 41 5 5 
0.50 0.00 0.00 0.50 0.50 41 2 2 
1.25 0.00 0.00 1.25 1.25 41 7 7 
0.75 -2.00 -1.50 0.00 1.50 28 76 76 
0.75 -1.28 -0.96 0.27 1.23 39.5 32 36.5 
0.75 -0.80 -0.60 0.45 1.05 38.5 22.5 25 
0.75 -0.45 -0.34 0.58 0.92 38 14.5 15 
0.75 -0.27 -0.20 0.65 0.85 39 14 14 
1.00 -2.00 -2.00 0.00 2.00 26 89 89 
1.00 -1.52 -1.52 0.24 1.76 39.5 45 49.5 
1.00 -0.90 -0.90 0.55 1.45 34 27.5 31 
1.00 -0.40 -0.40 0.80 1.20 38.5 18 19.5 
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Figure 44. Bal l Surface Temperature Rise as a Function o f 
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Ball Surface Temperature Rise as a Function of Rolling Velocity (.011 ym Pa 
Roughness, PH = 1.02 GPa, I = 0, Maximum AT Occurs at Contact Center). 
AT = 5.2V, °C (57) 
with a correlation coefficient of 0.99. 
The variation of surface temperature rise with position in the 
EHD contact is shown in Figures 47-49 for slide roll ratios in the 
range 0 to 2.0. The data for V = .75 m/s (Figure 47) and V~ = 1.00 m/s 
(Figure 48) are quite similar and the sliding results (E = 2.0) are in 
good agreement with the data reported in the previous section. It is 
interesting to note the small amount of inlet heating present under 
these conditions. For example, at 1.5 Hertz radii upstream of the con-
tact center, the surface temperature is less than 5 °C above the bath 
temperature. This relatively low value is consistent with the film 
temperature rise in the inlet predicted by Greenwood and Kauzlarich 
[127]. 
A second observation from Figures 47 and 48 is the movement of 
the peak in the temperature profile toward the exit as E is increased. 
Also, Figure 49, which contains only zero slip data, shows that the 
peak occurs near the contact center and the temperature at the inlet 
and exit contact boundaries are nearly equal. The trend toward a sym-
metric temperature distribution as E approaches zero is a result of the 
primary mechanism of heat generation going from viscous shear when 
appreciable slip is present, to compression heating at E - 0. Viscous 
shear results in a heat flux present throughout the contact region. If 
this flux were uniform, the ball surface temperature would continue to 
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very much greater at the contact center results in a temperature reduc-
tion as the exit boundary is approached. The faster the heat flux falls 
off, the lower the exit temperature should be. In the case of pure roll-
ing, the viscous shear component is absent and the temperature rise is 
due to shear in the inlet and compressional heating. The latter term is 
a function of the pressure profile, which is nearly symmetric in the con-
tact. The film and surface temperature should therefore rise and fall 
with pressure. Therefore, the trends shown in Figures 47-49 appear to 
be reasonable. 
The flash temDerature analysis done in a previous section has been 
extended by Sanborn [142] to consider the influence of rolling by assuming 
that the viscous dissipation takes place in the fluid midplane, and that 
the remaining fluid merely conducts the heat to the adjoining surfaces. 
Sanborn has derived the following expression for the ball surface temper-
ature rise 
T C - " - V s W h , Ksa \ 
,a2 M 2 k £ V 1/2J 
+ (T - T - ) 
os a ob 
AT = =75 52 (58) 
V u
1 / 2 /K u \ 
1 +J- f-5S_ +
 h ' 
h \v 1 / 2 2 k f / 
sa ' 
Equation (58) has been evaluated for the materials used, and by using an 
average film thickness of 0.16 ym (Figure 41) at a load of 67 N. Consider-
ing the temperature rise during pure rolling (equation (57)), the ball sur-
face temperature rise is given by 
66.7 TC-V 
A T b . 5.2 V + — y 1 / 2
 S ^ 7 2 (59) 
sa b 
5.8 V 1 / 2 + 14.9 n ' 8 
sa 
Equation (59 ) has been evaluated using the conditions shown in Table 6 
except for the conditions of simple sliding (E = 2, V = 0 ) . The 
sa 
simple sliding data was excluded because L = 0 , thus not meeting one 
S cl 
of the imposed restrictions. Also, with a stationary sapphire surface, 
T and T r are likely to be considerably different, resulting in the 
D S3. 
assumption of the adiabatic plane being at the center of the film being 
in error. The results are shown in Figure 50. 
It should be remembered that the predicted temperature rise is the 
average over the contact area whereas the measured temperature rise is 
the maximum. From Figure 50, it is therefore clear that the predicted 
values of temperature rise are higher than the measured values. 
There are a number of differences in the development of flash temper-
ature theory and the conditions found in the experiments. First of all, 
the theory is based on a uniform heat flux over the contact area. The 
heat flux distribution in the EHD contact is probably non-uniform with 
the maximum occurring near the center. Also because of differences in 
thermal diffusivities of the materials of the contact, the adiabatic 
plane of the fluid film may not occur at the film center. Finally, the 
theory assumes a semifinite solid with the free surface being adiabatic 
except under the concentrated heat flux. This is not consistent with 
the conditions of the experiment. The ball and sapphire surfaces out-
side the contact area are constantly flooded with lubricant. The 
agreement shown in Figure 50 should therefore be viewed cautiously. 
Because of the apparent agreement shown in Figure 50, equation (59) 
can be considered as a predictive equation for the maximum ball surface 
temperature. 
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MEASURED MAXIMUM TEMPERATURE RISE, C 
Figure 50. Comparison of Predicted Average and Actual 
Maximum Ball Surface Temperature Rises for 
L > 5. 
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Temperature Measurements for Negative Slide-roll Ratio 
Ball surface temperatures for negative slide-roll ratio (ball 
surface speed - sapphire speed) will be discussed in this section. The 
combined rolling and sliding EHD simulator was used in these experiments. 
When the slide-roll ratio is -2, only the sapphire is moving and the 
ball surface is stationary. In order to run the EHD simulator under 
these conditions, it was found necessary to supply a jet of lubricant 
directly onto the sapphire disc slightly ahead of the contact zone, 
since the lubricant in the cup could not reach the contact zone because 
the ball was stationary. The measured ball surface temperature then 
corresponds to the stationary surface temperature. This technique there-
fore offers a way to measure stationary surface temperature. In the work 
reported in the previous section, the stationary surface temperature 
(i.e. sapphire surface temperature) was not measured because of low 
emissivity of sapphire. However, since the thermal conductivity of ball 
material is only 1.4 times that of sapphire the stationary ball surface 
temperature should approximately correspond to the stationary sapphire 
surface temperature. 
Figure 51 shows the ball surface temperature at the contact center 
and its maximum value along the center line as a function of slide-roll 
ratio for a Hertz pressure level of 1.02 GPa and a constant rolling 
velocity of .75 m/s. The results for positive slide-roll ratio have been 
included in this figure for comparison. Slight asymmetry in ball surface 
temperature about £ = 0 can be observed. Similar data for a higher 
rolling speed of 1.0 m/s is shown in Figure 52. It can be noticed in 
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Fiqure 51. Ball Surface Temperature Rise as a Function of SLIDE-ROLL 
RATIO (-2 to +2) (Smooth ball => .011 urn Ra, P„ = 1.02 GPa, 
V = .75 m/s). 
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Figure 52. Ball Surface Temperature Rise as a Function of Slide-Roll 
Ratio (Smooth ball => .011 urn Ra, Pu = 1.02 GPa, 
V = 1.0 m/s). H 
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both the figures that the stationary ball surface temperature (£ = -2) 
is higher than the moving ball surface temperature (E = 2). 
Figure 53 shows the ball surface temperature distribution as a 
function of position on centerline at various negative slide-roll 
ratios, including the one for pure rolling. A constant load yielding 
a peak Hertz pressure of 1.02 GPa is used and the rolling velocity is 
held constant at .75 m/s. Figure 54 shows similar data but for a 
higher rolling speed of 1.0 m/s. Figures 47 and 48 can be compared with 
Figures 53 and 54. Even though the temperature distributions are simi-
lar, the values are slightly higher for negative slide-roll ratios. It 
is rather interesting to note the movement of the position of peak 
temperature as the slide-roll ratio is varied. The peak is at the 
center for pure rolling. For slide-roll ratios increasing negatively, 
the peak occurs slightly beyond the center towards the exit. This 
behavior is because of a change in mechanism from compressional heating 
at pure rolling to significant viscous heating at higher values of slip. 
This is similar to the trend observed for positive slide-roll ratios. 
However, the position of peak temperature for E = -2, is at the center 
of the contact. Ball surface being stationary in this case, has a maxi-
mum temperature rise at contact center where the heat flux has a maximum 
intensity. 
In addition to the results shown above, stationary ball surface 
temperature was measured at a peak Hertz pressure level of 1.02 GPa, 
for speeds ranging from 0.82 to 2.58 ra/s. The results are summarized 
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Figure 53. Ball Surface Temperature Rise alonq the Contact 
Centerline (Smooth ball => .011 ym Ra, Pu = 1.02 GPa, 
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Figure 54. Ball Surface Temperature Rise along the Contact ? 
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Table 7. Summary of Stationary Ball Surface 
Temperature Measurement 









<-v b,max (Tb " Tbulk> m/s m/s C C C 
0 .82 28 92.5 50.5 
0 1.20 28 108 66 
0 1.24 28 109.5 67.5 
0 1.50 28 118 76 
0 1.70 28 125 83 
0 1.85 26 128 86 
0 1.98 26 131 89 
0 2.58 28 146 104 
* 
T ~ 42 C for a l l the experiments (Tfe , , = T two to three 
Hertzian diameters before the contact ) . 
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AT = 58.6 V0'62 (60) 
b sa v ' 
2 
with r =1.00. It is interesting to note that the exponent 0.62 on 
V in equation (60) compares well with the exponent on speed in the sa 
low speed case given in equation (47) in the previous section. This 
means that the stationary heat source theory applicable for L < .1, can 
also predict the trend in stationary surface temperatures. The bath 
temperature does not represent the bulk temperature in the present 
case, since the ball is not rotating. However, the bulk temperature for 
this case was determined by measuring the ball surface temperature two 
to three Hertzian diameters before the contact. 
The flash temperature analysis referred to earlier in this section can 
also be applied to negative slide-roll ratios, because individual sur-
face velocities were used. This analysis however, cannot be applied to 
stationary surface temperature calculation since the assumption of mid-
plane film temperature being the maximum is not valid in this case. This 
situation is similar to the case when Z = 2, where again a similar assump-
tion was not valid. The ball surface temperature rise calculated using 
equation (59) for negative slide-roll ratios is shown plotted (as tri-
angles) versus measured temperature rise in Figure 50. The predicted 
values are again higher than the measured values. Probable reasons for 
this discrepancy have already been cited. 
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CHAPTER V 
RESULTS AND DISCUSSION - II, TEMPERATURE FLUCTUATIONS 
It has been remarked in Chapter I, that under certain oper-
ating conditions when the surface asperities are interacting with each 
other, the surface temperatures are not time-steady. In this chapter, 
the time averaged values and the fluctuations of ball surface tempera-
ture are reported for a range of sliding speeds at different Hertz 
pressure levels and various R values of surface roughness. The wear 
debris generated during asperity interactions is studied by analyzing 
the used oil samples. A frequency analysis of surface profiles and 
the temperature fluctuations before and after an experiment is performed 
to study the wavelength or frequency aspects of surface texture import-
ant in an EHD type application. 
A. Surface Roughness Effects on Ball Surface Temperature 
To study the effect of ball surface roughness on surface temper-
ature, AISI 52100 steel balls of various roughness values were used in 
the EHD contact simulator. In the results described in Chapter IV, the 
arithmetic average roughness (R ) of the balls was 0.011 Jim. The sur-
EL 
face finish of the sapphire in all cases was approximately 0.006 ym R . 
a 
Surface profiles of both the ball and sapphire were measured on the 
profilometer and are shown in Figure 55. All these profiles are unfil-
tered, i.e. they include both roughness and waviness. The slope in 
sapphire surface profile is due to imperfect tilt adjustment. The 
147 
Sapphire Flat (.006 um R ) 
.125 mm 
. 1mm 
076 ym R Bal 
a 
. 1 mm 
. 1 mm 
Figure 55. Surface Roughness Profiles. 
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large curvatures in the ball surface profiles are because of the effec-
tive curvatures of the steel balls. A substantial portion of the real 
curvature of steel balls (38 ram diameter) was eliminated by using the 
rotary attachment while recording the ball surface profiles (see Chapter 
III). Because of the difficulty in aligning the rotary attachment 
pivot axis to coincide with the ball center, it was not possible to 
obtain a flat unfiltered profile for the ball surface. This however, 
did not present any problem because a cutoff length of 0.030 inch is 
used while computing the R values. 
Tables 8, 9, and 10 show ball surface temperature rise (differ-
ence between ball surface and bulk oil temperature) at contact center 
at various peak Hertz pressures for a range of sliding speeds. Table 8 
contains data for the case of smooth ball which has already been 
described in Chapter IV. Only sliding velocities above the break point 
(VBr>) are reported in this table. Tables 9 and 10 contain data for the 
Br 
case of medium rough and rough balls respectively. Even though only 
maximum ball surface temperature values were determined from experiments 
(since the contact center could not be located while using the rough 
ball), the contact center values could be approximately calculated from 
similar temperature maps prepared for the smooth ball. In fact, the 
temperature rises reported in Table 10 have been calculated this way. 
The ball surface temperature rises increase with load, sliding speed and 
surface roughness. The correlations are described later in this section. 
Figures 37, 56 and 57 show ball surface temperature rise at the 
center of the EHD contact as a function of speed and load for the smooth, 
medium rough and rough balls respectively. In addition, Figure 58 shows 
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Table 8. Ball Surface Temperature Rise at Contact Center 
versus Speed and Load for Smooth Ball 
(.011 ym R , Fluid Nl) 
PTT = .52 GPa PTT = 1.02 GPa P„ = 1.51 GPa 
V , m/s 
s 
ATb, C V , m/s s 
ATb, C V , m/s s 
ATb, C 
.39 9 .48 33 .45 74 
.52 10 .56 35 .61 75 
.67 11.5 .64 38.5 .90 89 
.84 12 .73 41 1.14 96 
1.05 13 .82 44 1.34 100.5 
1.30 15 .92 48 1.55 108 
1.53 16 1.02 50 1.81 117 
1.76 17.5 1.21 58 1.99 122 
1.41 62 2.25 126 










PTT = 1.7 GPa P„ = 1.81 GPa PTT = 2.03 GPa 
V , ra/s 
s 
ATb, C V , m/s s 
ATb, C V , m/s s 
ATb, C 
.46 83 .56 102 .42 105 
.52 87 .80 111.5 .48 108 
.60 91 1.02 120 .53 111 
.67 93 1.28 136 .58 113 
.74 97 1.60 147 .62 115 
.86 102 1.81 154 .68 118 
.96 104 2.11 159.5 .73 120 
1.02 108 2.38 165.5 .79 122 
1.11 112 2.66 168 .86 125 
1.54 131 2.94 171 .93 127 
2.05 144 3.21 178 .99 128 
2.54 153 3.48 179 1.04 131 






Table 9. Ball Surface Temperature Rise at Contact Center 
versus Speed and Load for Medium Rough Ball 
(.076 W R , Fluid Nl) 
a 
F H ° 
1 .02 GPa P H = 1 -
24 GPa P H = 1 
.51 GPa 
V , m/s 
s 
ATb, C V , m/s s 
ATb, C V , m/s s 
ATb, C 
.55 38 .95 87 1.11 110 
.83 50 1.71 92 1.67 120 
.97 54 2.23 100 2.15 130 
1.28 61.5 2.71 104 2.62 135 
1.59 66.5 3.17 109 3.09 142 
1.88 71.5 3.65 112 3.67 156 
2.18 74 4.13 114 4.16 158 
2.61 77.5 4.63 114 4.67 160 








P H ° 
1. 70 GPa P H = 1 
.89 GPa P = 2 H .03 
GPa 
.83 117 .87 140 .78 139 
1.15 138.5 1.21 170 .95 142.5 
1.44 152 1.53 178 1.13 146 
1.80 162 1.88 185 1.37 168.5 
2.11 170 2.24 193 1.75 180 
2.47 176 2.59 195 2.09 190 






Table 10. Ball Surface Temperature Rise at Contact Center* 
versus Speed and Load for Rough Ball 
(.38 ym Rrt, Fluid Nl) 
P =1.02 GPa PTT = .52 GPa *" 
V , m/s 
s 
ATb, C V , m/s s 
.50 
ATb, • 
.41 6.5 45.5 
.69 10.5 .82 61 
.99 13.5 1.08 73 
1.27 15.5 1.37 79 
1.57 16.5 1.66 91 
1.83 17.5 1.94 101 
2.13 20.5 2.23 108 
2.42 21.5 2.52 115 
2.72 23.5 2.79 131 
3.01 26 3.11 133 
3.29 27 3.44 135 
3.60 28 3.75 138 
3.93 35.5 4.07 140 
4.22 35.5 4.41 142 
4.58 36.5 4.70 144 
4.86 38 4.95 148 
5.16 39.5 5.31 148 
P =1.89 GPa p„ = 1.51 GPa 
/ AT C V , m/s AT , C 
















Temperatures at contact center were approximately determined from 
the measured values of maximum ball surface temperature rise. 
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the temperature data replotted as temperature rise as a function of peak 
Hertz pressure and sliding speed. In the experiments with the rough ball, 
the temperature plotted is the maximum in the contact, whether or not it 
occurs at the contact center. 
The temperatures reported in Figures 56 - 58 are time averaged 
values, since the infrared detector was operated in the DC mode during 
these experiments. Under certain operating conditions when asperity 
interactions are taking place, the instantaneous temperatures developed 
at the individual asperities may be significantly different from the aver-
age values. This subject will be treated in detail in the next section. 
Even the time averaged temperatures would overshoot the new steady state 
temperature and then return to the new value whenever a velocity step was 
introduced. This is shown in Figure 59. The dotted line and the solid 
line correspond to two different velocity steps. While the velocity 
response of the system was as shown, the temperature overshoot was 10 to 
15 C. The temperatures reported in Figures 56, 57 and 58 correspond to 
the steady state values at those operating conditions and not the over-
shoot values. The temperature overshoot and subsequent return to a new 
steady state value is attributable to the phenomenon of short time run-
ning in. With a sudden increase in velocity, the rate of asperity inter-
actions increases. Not able to withstand this increased rate, the system 
undergoes some local surface smoothing. Accordingly, the time averaged 
temperature decreases from the overshoot value and settles down to a new 
steady state value. A similar phenomenon can be expected with a load 
step, this time the asperity interactions becoming more severe since 
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Figure 56. Ball Surface Temperature Rise at Contact Center versus Sliding 
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Figure 57. Maximum Ball Surface Temperature Rise versus Sliding Speed 
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Figure 53. Ball Surface Temperature Rise versus Peak 












Figure 59. Maximum Ball Surface Temperature versus Time 
(Time 0+ Corresponds to a Velocity Step) 
(Rough Ball: .38 pm R 
Fluid Nl, V = 0). 
sa 
Pu = 1.02 GPa, H 
157 
such an effect was observed whenever load was suddenly increased. 
The temperatures for the smooth and medium rough balls are only 
slightly different throughout the range of operating conditions. The 
surface temperatures for the rough ball appear to be significantly 
higher than those of the smoother balls. To put all temperatures on 
an equivalent basis, the rough ball data in Figures 57 and 58 should be 
reduced by approximately 10 C. This is the difference between the maxi-
mum and center surface temperatures for the smooth ball (Figure 32). 
The higher temperatures for the rough ball are perhaps due to increased 
traction under these conditions. The increase in traction coefficient 
with roughness (decreasing A values) is discussed in the next section. 
Surface roughness effects have been considered in the flash temper-
ature formulas recommended by the American Gear Manufacturer's Associa-
tion (AGMA) in their gear scoring criterion [51]. A multiplicative factor 
of 1/(1 - .8R ) has been used for this purpose with the range of R being 
a a 
from .25 ym to .75 ym. In the literature [52-54], factors similar to the 
one mentioned above have been used with the coefficient accompanying R 
3. 
varying from .62 to .89. The percent increase in flash temperature pre-
dicted by these factors versus R is shown plotted in Figure 60. The 
applicable range for the AGMA factor is indicated in this figure. Three 
values of R corresponding to the three different types of balls used, 
a 
are marked in the same figure. It can be seen that up to 40 percent 
increase is predicted for the rough ball whereas about 7% is predicted 
for the medium rough ball. 0.7 to 1% increase is predicted for the smooth 
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Figure 60. Percent Increase in Flash Temperature Due to 
Surface Roughness. Curve (2) Corresponds to 
the Factor Recommended by AGMA [51]. 
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comparison of the measured values with the predicted percent increases 
reveals a satisfactory agreement. 
In order to determine an expression for the measured ball surface 
temperature at contact center, a surface roughness factor of the form 
1/(1-a,R ) discussed above, is used. A multiple regression analysis 
of the data in Tables 8, 9, and 10 (181 data points in all) yielded the 
following expression for the ball surface temperature at contact center 
*Tb =41-6 PH " 7 V 2 (T^7ir> • <61) 
a 
It is very interesting to note that the surface roughness factor 
1/(1- .7R ) obtained from the experimental data (equation (61)) is in 
a 
very good agreement with the factor recommended by AGMA (Curve (2) of 
Figure 60). In fact, the surface roughness factor of equation (61) lies 
in between curves (3) and (4) in Figure 60. For the case of the smooth 
ball (R = . Oil um), the surface roughness factor is close to unity and 
a 
the expression for AT, from equation (61) can be compared with the simi-
b 
lar expression for AT, derived earlier [equation (48), Chapter IV]. 
b 
Even though a satisfactory agreement between the two expressions is 
observed, an exponent of 1.73 on P is obtained in equation (61) whereas 
an exponent of 1.34 was obtained earlier. The apparent discrepancy 
between the two values is due to a considerable scatter in the data when 
P.T, V , and R are all considered as variables. However, when the expo-H s a 
nents on P and V from equation (61) are compared with the theoretical 
predictions (equation (45)) of 1.5 and .5 as exponents on P̂ . and V and 
n S 
keeping in mind the variation of traction coefficient with the sliding 
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velocity (discussed in Section A, Chapter IV), a reasonable agreement 
is observed. 
a2 A surface roughness factor of the form (40R + 1) is more conven-
a 
lent for correlating the experimental data. Even though, there appears 
to be no special advantage of using the above form for the surface rough-
ness factor, it is possible to use such a form simply for convenience. 
A multiple regression analysis of the data in Tables 8, 9, and 10, with 
the surface roughness factor of the above form, yielded the following 
expression for AT, at contact center: 
AT^ = 37.8 pJ-84V'31 (40R + l)* 1 8 (62) 
b H s a 
The parameter A, which is the ratio of EHD film thickness h to 
the composite surface roughness a, is a recognized parameter for pre-
dicting EHD contact performance [72]. For values greater than 2, no 
asperity interactions are expected. At A less than 1, severe asperity 
interaction is anticipated. The range 1 < A < 2 is a transition region. 
The values of A obtained using R rather than r.m.s. roughness are not 
a 
sufficiently different that the transition values noted above are sig-
nificantly altered [72]. Also, in computing the parameter A, the film 
thickness value used is that measured for the smooth ball. This is 
necessitated for two reasons. First of all the interference fringe 
pattern used to determine film thickness disappears as the roughness is 
increased. Secondly, the meaning of film thickness is ambiguous at sig-
nificantly high roughness levels, since the local thickness changes 
greatly from point to point. The appropriate A values are shown in 
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Figures 37, 56-58. 
In the case of the smooth ball, A is greater than 2 for Hertz 
pressures up to 1.81 GPa, suggesting no asperity interaction. At 
P„ = 2.03 GPa, A is in the range 1 to 2. However, a subsequent measure-
rl 
raent of the surface profile did not reveal any surface alteration. 
Experiments using the medium rough ball resulted in A < 1 for P > 1.5 
H 
GPa and 1 < A < 2 at lower pressures. Moderate to severe asperity inter-
action is therefore expected at all speeds and loads investigated. A 
relocation surface profile measurement was obtained and is shown in 
Figure 61. At a Hertz pressure of 1.70 GPa it can be seen that peaks 
have been removed in the wear track. For the rough ball, A is less 
than one for all operating conditions. A profile measurement for P = 
n 
1.24 GPa and V = 5 m/s is shown in Figure 62. The removal of asperi-
s 
ties is clearly visible on the trace. In addition, the alteration of the 
surface in the wear track could be visually detected. 
The above observations reinforce the importance of the parameter 
A in describing the extent of asperity interaction. In addition, it is 
now apparent that significant asperity interaction will result in 
increased surface temperatures. As can be seen from Figure 61, the 
method has been successful in relocating the same area on the ball sur-
face for re-examination. However, since it is not practical to obtain 
profiles of the entire wear track region before and after running in the 
EHD contact, an indication of no asperity interaction is inconclusive. 
Asperity interaction may have taken place at locations other than those 
measured. 
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New Ball Surface Profile 
—̂ 
40 
Used Ball Surface Profile 
Figure 61. Relocation Profile for the Medium Rough Ball 
(.076 um R ), (P = 1.70 GPa, 0.83 < V < 5.0 m/s). 
a n — s — 
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Unused Portion of Ball Surface 
.10 mm 
Continuation of above Trace 
wear track 
. 10 mm 
Figure 62. Surface Profile Showing Severe Wear, Rough Ball 
(.38 ym R ) (PTT = 1.24 GPa, V = . 5 to 5.0 m/s). a H s 
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B. Ball Surface Temperature Fluctuations and Wear Study 
High Frequency Temperature Fluctuations 
It has been shown in the previous section that asperity interaction 
can significantly alter the ball surface temperature level. The results 
given thus far, however, are time-averaged temperatures obtained with the 
infrared detector in the DC mode. In this mode of operation, the highest 
frequency response is 400 Hertz. From the surface profile measurements 
(Figure 50) it has been determined that only a single asperity can occupy 
the detector's field of view (36 um diameter) at any one time. However, 
at 1.0 m/s sliding velocity the asperity resident time in the field of 
view is only about 40 us. The DC mode, therefore, cannot respond to a 
temperature rise caused by a single asperity interaction. The available 
AC mode of operation, however, can detect such temperature transients. 
The liquid nitrogen cooled detector has a response time of 8 us. An 
important consequence of operating in the AC mode, however, is that the 
reference signal is absent. Instead, the instrument will produce a 
voltage difference proportional to the variation in target radiation 
emitted. Through an independent experiment, using an external chopper, 
it has been determined that the variation indicated in the AC mode is 
centered on the signal received in the DC mode. From this information 
a plot of time-averaged surface temperature along with the maximum and 
minimum values can be obtained. 
Because electrical noise problems were encountered when using the 
AC mode, a variable frequency electrical band pass filter was also used. 
Although the noise and signal could not be entirely separated due to the 
closeness of their frequencies, a pass band of 1.0 to 20 KHz proved 
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effective, since the high peaks in the signal are within 20 KHz for most 
of the sliding speeds. 
Figure 63 shows a plot of the ball surface temperature at the 
contact center as a function of Hertz pressure. The .076 ym R surface 
a 
roughness ball was used at a sliding speed of 1.0 m/s. The plot shown 
was constructed using the DC mode data at five different Hertz pressures. 
In addition, the AC mode was used at all the Hertz pressure levels. As 
is shown in Figure 63, the AC data shows no fluctuation about the DC 
level up to P = 1.05 GPa, but shows an increasing amount of fluctuation 
H 
as the pressure is increased. The upper and lower curves represent the 
range of temperatures detected. It is believed that the peak values rep-
resent individual asperity interactions. Figure 63 also shows the sig-
nificance of the parameter A in predicting the onset of asperity inter-
action. 
Upon examination of the AC radiation signal over a time interval 
of about one ball revolution it was found that the highest radiation 
emitted from the contact surface was immediately followed by a very low 
radiation value. This suggests that the high pressure and local energy 
dissipation at the asperity is causing the high temperature, while the 
region immediately behind the asperity is a relatively low pressure 
thick oil film in which the energy dissipation is low, resulting in a 
lower surface temperature. This reasoning depends on the assumption 
that the surface emissivity is constant over the region of interest, since 
radiation fluctuations have been interpreted as temperature fluctuations. 
Recent observations by Wedeven [154] of the passage of a debris dent 
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through an EHD contact, where he observed a decrease in film thickness 
at the leading edge of the dent compared to the value at the trailing 
edge, appear to support the above observation on asperity temperature. 
It seems reasonable to consider that even though fresh metal surface 
may be formed at the asperity tip due to wear, the surface film formation 
on a fresh surface in an oil environment, which has absorbed oxygen 
present, occurs in the order of nanoseconds. Therefore, the surface 
emissivity would not be observably changed on the time scale of the 
measurements. The radiation fluctuations observed are therefore not 
affected by fluctuations in emissivity and are in fact due to tempera-
cure fluctuations. The generation of wear particles under such opera-
ting conditions has been confirmed through a ferrographic analysis of 
the used oil samples reported later in this section. 
Figure 64 is a graph of the same data, along with data from 
higher sliding speeds. In all cases, the center value represents the 
DC (time averaged value). From this data it appears that the range of 
temperatures detected in the AC mode of operation increases signifi-
cantly as more of the normal load is supported by individual asperities. 
This corresponds to a condition of decreasing A values. Similar results 
have been obtained for the case of the rough ball (.38 um R ), where the 
3 
A values are much smaller and the magnitude of radiation fluctuations 
is much greater. For the case of the smooth ball, where A is never less 
than one, no high frequency temperature fluctuations have been observed. 
Figure 65 shows the ball surface temperature data as a function of 
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of temperature along with the maximum and minimum values are shown over 
a range of 1.0 to 2.5 m/s of sliding speed, the range of temperature 
fluctuations increases but not drastically. However, the drastic 
increase in the range of temperature fluctuations with Hertz pressure 
is apparent from this figure. 
Normal Load Sharing 
The lubrication situation described in this section is charac-
terized by the coexistence of elastohydrodynamic fluid film and inter-
acting asperities. Such a situation is usually designated as partial 
elastohydrodynamic lubrication. In addition to many important parameters 
describing the contact, normal load sharing between asperities and EHD 
film is directly influenced by the degree of asperity interaction char-
acterized by the lambda ratio (A). 
It was mentioned earlier in this section that the upper curve in 
Figure 63 corresponds to the temperature developed at the site of an 
interacting asperity. Also, the lower curve in the same figure corre-
sponds to the temperature of the fluid pocket (relatively low pressure 
region) in the neighborhood following an asperity. It can be seen from 
Figure 63 that the temperature of the fluid pocket (lower curve) increases 
up to a certain value of peak Hertz pressure (P„), reaches a maximum, and 
then decreases with further increase in P . This can be explained as 
n 
follows; even though the total load on the contact is increased, beyond 
a certain load, the average fluid pressure begins to decrease because 
the asperities share an increasing portion of the total load. In order 
to determine the exact proportion of the total load shared by the asperi-
ties, normal load sharing calculations were performed using Tallian's 
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approach [135,136]. Tallian's method was found more easily applicable 
for this purpose than the methods proposed by others [137,138]. These 
calculations were made for the operating conditions corresponding to 
Figure 63. An approximate statistical description of the surface is 
used for the medium rough ball. Some details of the calculation appear 
in Appendix H. 
Table 11 shows the calculated value of the portion of load carried 
by the EHD film (VL,-,-) and the corresponding average fluid pressure 
iLtlU 
(P ) at various normal loads for two different asperity slopes (aQ). 
The area of fluid pockets is assumed to be equal to the Hertzian area. 
This assumption is valid since the area of the contacting asperities is 
indeed small [55]. The assumed RMS slopes of asperities (cr ), represent 
their typical values. It can be seen (Table 11) that the average fluid 
pressure increases with the normal load up to a certain value, reaches 
a maximum (depending on a ), and then decreases with further increase in 
0 
normal load. Although the calculations shown in Table 11 correspond to 
a sliding velocity of 1.0 m/s, similar results were obtained for other 
sliding speeds referred to in Figure 64. 
Figure 66 shows a plot of average fluid pressure versus peak Hertz 
pressure for the medium rough ball at a sliding velocity of 1.0 m/s, cor-
responding to the results shown in Table 11. The dotted line corre-
sponds to conditions when the entire load is supported by the EHD film. 
At low values of Hertz pressure, the A ratio is greater than one and 
therefore, the entire load is supported by the EHD film. As the Hertz 
pressure is increased, A decreases below one and the curve falls below 
the dotted line. The influence of the asperity slopes is apparent at this 
172 
Table 11. Normal Load Sharing Between Asperities 
and the EHD Film (Calculated using 
Tallian's (Ref. (135)) approach) 
(Medium rough ball: .076 Mm R , Fluid Nl, V =1.0 m/s, V = 0) 
a s sa 
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stage. With further increase in P , the average fluid pressure reaches 
a peak and then starts decreasing. The trend shown in Figure 61 is in 
excellent agreement with temperature fluctuation results shown in Figure 
63. The position of peak fluid pressure (Figure 66) and that of maximum 
fluid pocket temperature (Figure 63) also are in very good agreement. 
Even though the exact value of a for the medium rough ball was not 
0 
measured, the two values of .035 (0 = 2°) and .122 (0 - 7°) appear to be 
in a reasonable range and therefore direct comparisons can be made. 
It therefore appears that the temperature of the fluid pocket 
increases with normal load up to a certain value, reaches a maximum, and 
then decreases with further increase in normal load. This phenomenon is 
due to an increasing portion of the load shared by the asperities when 
the normal load on the contact is increased. 
Wear Study 
The objective of this investigation was to use the ferrographic 
and spectrographic oil analysis techniques described in Appendix I to 
determine the presence of wear particles in the experiments reported 
earlier in this section. The presence of wear particles in the used oil 
sample confirms the occurrence of asperity interactions. It was also 
found useful to determine the total amount of wear debris and the wear 
particle types generated in a sliding EHD contact as the film thickness 
was gradually decreased and asperity interactions began to occur. In 
other words, the effect of A ratio on the amount and type of wear debris 
was investigated in this part of work. This is also closely linked with 
the transition from one to another among the following regimes: EHD, 
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partial EHD, boundary, and eventually catastrophic failure. 
The EHD apparatus used in this study has been explained in Chapter 
II. Film thicknesses were determined optically at the contact center 
for the smooth ball. These values were also used for the medium rough 
and rough ball series. The temperature of the oil reservoir was monitored 
with a thermocouple as a function of test time. The oil was not recircu-
lated in these experiments in order to eliminate particle contamination 
3 
from the recirculation system. A total lubricant charge of 50 cm was 
used. Three series of test balls (AISI 52100, chromium steel) were used 
having roughnesses .011, .076, and .38 ym R respectively. These balls 
CL 
will be referred to as smooth (S), Medium Rough (MR), and Rough (R), 
respectively, and have been referred to earlier in this chapter. Tests 
will be referred to as S-l, MR-1, R-l, etc. corresponding to the ball 
roughness and load. Experimental conditions included a sliding speed of 
1.08 m/s, a range of loads from 8.9 to 522 newtons (peak Hertz stress 
range, .52 to 2.03 GPa), and a test duration of 25 minutes. Experimental 
conditions for each test are summarized in Table 12. Tests were conducted 
at room temperature. The fluid used in this study is the napthenic mineral 
oil Nl that has been used earlier. 
Ferrogram Results. Optical density measurements were made on each 
Ferrogram (corresponding to each test listed in Table 12) at several dif-
ferent locations: entry, 54, 50, 40, 30, 20, and 10 mm. In addition, a 
composite or representative density was determined by averaging the several 
different readings. A density reading of less than 1 percent was treated as a 
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Table 12. Experimental Test Conditions for Oil Samples 
Tests for Wear Study 




Test Top Bottom Top Bottom Speed, A 
Contact Contact Contact Contact m/s Ratio 
SI 8.9 3.6 .52 .39 1.08 42 
S2 67 27 1.0 .76 1.08 15 
S3 215 88 1.5 1.1 1.08 10 
S4 307 125 1.7 1.3 1.08 3.6 
S5 522 213 2.0 1.5 1.08 2.7 
MR1 8.9 3.6 .52 .39 1.08 8.4 
MR2 67 27 1.0 .76 1.08 3.1 
MR3 215 88 1.5 1.1 1.08 2.0 
MR4 307 125 1.7 1.3 1.08 0.6 
Rl 8.9 3.6 .52 .39 1.08 1.7 
R2 67 27 1.0 .76 1.08 0.6 
R3 215 88 1.5 1.1 1.08 0.4 
R4 307 125 1.7 1.3 1.08 0.1 
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zero. Optical density measurements for all tests appear in Table 13. 
The author is indebted to Mr. William R. Jones, Jr. of the NASA 
Lewis Research Center, Cleveland, Ohio for the ferrographic analysis of 
oil samples and the interpretation of Ferrogram results. 
Photomicrographs of the Ferrogram entry region were taken for each 
of the tests with smooth, medium rough, and rough series. The general 
trend of increasing wear particle density with increasing load (or decreas-
ing film thickness) was evident in most cases. Occasionally, nonmetallic 
debris or large oxide flakes, unrelated to the wear process, were observed 
which caused some high optical density readings. In fact, many of the 
density readings in the smooth series were caused, in part, by this type 
of debris. 
Often pile-ups of both metallic and nonmetallic debris occur at the 
entry position. Since this makes it difficult to assess the wear level, 
an alternate procedure is to examine the debris at a location some dis-
tance from the entry. Typically this is the 54-mm position. Micro-
graphs taken at this location for all tests appear in Figures 67, 68, and 
69. Again, the trend of increasing amounts of wear debris with increas-
ing load in both the medium rough and rough ball series is obvious. 
However, most of the particles present at the 54-mm position in the 
smooth series are not wear related. These particles are transparent and 
nonmetallic. 
A convenient parameter for predicting the degree of surface inter-
actions is the ratio of the central film thickness to the composite sur-
face roughness. This parameter (A) has been referred to earlier in 
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Table 13. Optical Density of Ferrograms at Various 
Ferrogram Positions 
Optical Density at 
Positions on Ferrogr 
Various 
am, Percent Composite 
Position Entry 54 50 40 30 20 10 
Density 
Percent 
SI <1 <1 1.2 <1 <1 <1 <1 0.2 
S2 15.3 4.4 1.0 1.9 1.3 1.8 <1 3.7 
S3 4.2 4.3 <1 <1 <1 1.5 <1 1.4 
S4 3.1 <1 <1 <1 <1 <1 <1 0.4 
S5 7.1 <1 <1 1.2 <1 <1 <1 1.2 
MR1 1.6 1.8 1.8 <1 <1 4.1 2.6 1.7 
MR2 3.7 1.6 1.2 <1 1.0 1.8 1.5 1.5 
MR3 5.3 2.3 2.0 <1 <1 1.5 1.7 1.8 
MR4 19.8 5.8 4.3 3.3 4.0 4.0 3.7 6.4 
Rl 7.1 2.0 1.0 1.4 <1 1.3 <1 1.8 
R2 21.3 9.4 5.4 5.0 2.8 2.4 1.0 6.7 
R3 36.9 24.6 19.6 14.0 10.4 11.7 14.0 18.7 
R4 40.6 39.5 28.8 24.8 23.4 16.0 15.4 26.9 
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Figure 67. Ferrogram deposit at 54 mm for smooth series 
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Figure 68. Ferrogram deposit at 54 mm for medium rough series. 
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Figure 69. Ferrogram deposit at 54 mm for rough series 
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this section and also in the previous section. The wear rate as 
measured by the amount of debris collected on the Ferrogram appears to 
be a function of the A ratio. Since the oil recirculation system was 
not used in the wear experiments, the bath temperature increased during 
the tests as reported in Table 14. In addition, there was a measurable 
decrease in ball surface roughness for tests MR3 and 4, R2,3 and 4 during 
running. Taking all these factors, the A ratios at test conclusion were 
lower than initial A values. However, it was determined that this change 
in A did not affect the general conclusions reached in the wear experi-
ments. 
A plot of composite Ferrogram density for each test as a function 
of initial A ratio appears in Figure 70. The large and very rapid in-
crease in particle density at low A values is evident. The transition to 
the high wear regime occurs as the A ratio approaches 1. This is in 
agreement with the findings of other investigators. Tallian [139] has 
shown that the onset of surface distress occurs at a A value of about 1.5. 
Czichos [140] reports that the change from a full EHD film to continuous 
asperity contact occurs as A decreases from 2.5 to 0.7. In Figure 70, 
at A values greater than 2, a composite particle density of between 1 
and 2 percent is observed. Since a full film should be present at these 
higher A ratios, little wear should take place. Therefore, these density 
readings represent the background or contaminant particle density for 
this set of experiments. 
As shown in Table 13, there was an overlap of A values in each 
test series. There were four sets of tests that yielded similar initial 
A ratios. These were: S3-MR1, S5-MR2, MR3-R1, and MR4-R2. One would 
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Table 14. Oil Bath Temperatures (C) at Various Test 
Times during Oil Samples Tests 
__ Time 
Sample m i n s 0 3 6 9 12 15 18 21 24 25 
_No.  
51 25.5 26 26.3 26.6 26.9 27.2 27.5 27.7 27.8 27.8 
52 25.5 28.5 31.5 32.5 34 35.5 37 38 39.1 39.5 
53 24.5 33.5 38.5 43.7 48.2 52.3 57 58.9 62 63 
54 23.5 30.3 35.7 40 44 47 50.5 54 57.3 58.5 
55 26 32.5 36.9 40.2 43.2 46.1 48.7 51 53.5 54.3 
MR1 23.5 23.9 24.4 24.8 25.1 25.4 25.7 25.9 26.1 26.2 
MR2 22.3 26.7 29.1 31.1 32.9 36.4 35.9 37.4 38.6 39.0 
MR3 23.8 35.8 43.3 50 56.7 61.5 64.6 68.1 72 73.2 
MR4 25.2 41.7 55.5 62.8 70.5 76.5 82.3 85.4 *-
Rl 25 25.6 26.3 26.8 27.2 27.6 28 28.4 28.7 28.8 
R2 24.9 30.3 33.7 36.3 38.3 40.1 41.9 43.4 44.8 45.2 
R3 25 42.7 52.3 59.3 65.3 71 75.6 80.3 84.2 85.5 
R4 22.1 43.2 57.3 65.7 73.3 80 86.4 92.1 *-
* 
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expect the generation of a similar amount of debris under these similar 
test conditions. The composite ferrogram densities for these four sets 
of experiments appear in Figure 71 and a good correlation is observed, 
especially at values of A less than 1. 
Microscopic examination of the wear debris generated during these 
studies yielded the following information. Essentially, all of the 
metallic wear particles, regardless of the initial surface roughness, 
were of the "normal rubbing wear" variety. That is, they were composed 
of small asymmetric thin (metallic) flakes. These flakes were typically 
less than 10 ym in major dimension and no more than 1.5 um thick. On 
the ferrograms, these particles are typically arranged in strings due 
to the magnetic field generated by the ferrograph. Some further details 
of wear particles have been reported in reference [141]. These findings 
about wear particle morphology are in agreement with the findings of 
Reda, et al. [158]. 
Spectrometric Oil Analysis Results. An emission spectrograph was 
used to analyze each oil sample from this study. An unused oil sample 
was also tested as a blank. The elemental concentrations from the blank 
were then subtracted from all other readings and these results appear in 
Table 15. 
It is obvious from Table 15 that most of the samples were barely 
within the limits of detection for the emission spectrograph. Little 
iron-containing wear debris was detected until the relatively high wear 
situation of the rough ball series was reached. However, even at the 
highest wear condition, R4, which had a composite ferrogram density of 
26.9, the spectrograph only detected 4 ppm of iron. This indicates that 
10 
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for detecting the iron-containing wear debris from these studies, the 
Ferrograph is more sensitive than the normal SOAP procedures. 
The elements, other than iron, present in the oil samples probably 
reflect the background variation in the blank. Only chromium is present 
in the 52100 steel (1.5 percent) and it is at too low a concentration to 
be detected in these experiments. Aluminum in sample R4 is related to 
the driving collar failure which resulted in rubbing against the aluminum 
cup. 
In order to compare the SOAP and ferrogram the following assump-
tions were made. The average dimensions of the Ferrogram deposits were 
assumed to be: 50 mm long x 0.10 mm wide x 1.5 urn thick. Then for com-
plete coverage (100 percent density reading), this corresponds to a 
-3 3 particle volume of 7.5 x 10 mm . With a specific gravity of 8, the 
total mass of the deposit would be about 60 ug. Since approximately 3 
grams of oil are passed over each Ferrogram, 60 yg of wear debris would 
represent about 20 ppm by weight. Multiplying the fractional optical 
densities of the rough ball series times 20, one obtains the following 
results: Rl-0.4 ppm, R2-1 ppm, R3-4 ppm, and R4-5 ppm. These results 
are remarkably close to the SOAP values considering the number of assump-
tions that were made. 
It was also found useful to calculate the wear coefficient K^ 
corresponding to the above wear experiments. K^ is defined as 
"w-M (63) 
3 2 
where ft is the wear volume in mm , H is the hardness of steel in MN/m , 
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W is the normal load in N and S is the distance travelled by a point 
3 
on the ball surface in mm . For a lubricant sample of 3 cm , the wear 
-3 3 
volume is 7.5 x 10 mm (from the above calculation). Since a total 
3 -3 
lubricant charge of 50 cm was used, total wear volume is 125 x 10 
3 
mm . Using the above definition of 1L., and considering that wear occurs 
in the three support contacts also, a value of .2 x 10 was obtained 
for the sample R4. This value of K^ shows that the operation of the sys-
tem was still in the low wear regime and therefore no catastrophic fail-
ure could be expected. 
Average traction coefficients for comparable tests measured at a 
steady state bath temperature of 40° C appear in Figure 72. As one would 
expect, fairly constant traction values (0.061 to 0.062) were observed 
for all tests at A ratios greater than 1.5 where a full EHD film 
existed. As asperity interactions increased as A decreased below one, 
the traction values also increased, as expected. No abrupt traction 
increases or transitions were observed which would have signaled a 
boundary film failure or a catastrophic failure mode. This agrees with 
the wear particle analysis previously discussed. 
The following conclusions were reached from the wear study. 
(1) The total amount of wear debris correlated well with calcu-
lated (film thickness to roughness) ratios. Much debris was observed 
at A < 1, little debris at A's > 1. 
(2) The wear particles that were generated were metallic and 
almost exclusively of the normal rubbing wear type. 
(3) Similar amounts of wear debris were observed in the different 
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191 
It can be seen that these conclusions clearly support the occurrence 
of asperity interactions as predicted by the A ratio and therefore the 
onset of temperature fluctuations as postulated earlier in this section. 
C. Frequency Analysis of Surface Profiles and 
Temperature Fluctuations, and their Correlational Study 
In the previous sections, surface roughness effects on temperature 
and wear were described, and the importance of A-ratio was investigated. 
In this section, an extension of the work on the frequency or wave-
length aspects of the surface profile signal and its influence on surface 
temperature, is reported. 
In order to study the ball surface profile in the frequency or 
wavelength domain, the profilometer output was first recorded on mag-
netic tape. This was done for samples of balls from the three roughness 
classifications, both before and after running in the EHD simulator. The 
recording of the profilometer trace was transferred to a Hewlett-Packard 
Fourier Analyser. The first step in any analysis performed by this 
instrument is an A/D conversion. After analysis of the digital repre-
sentation of the input signal, the results were printed, and a D/A 
conversion made and the results were plotted and displayed on a CRT. 
Figure 73a shows the surface profile of the unused ball having an 
initial surface roughness of 0.38 ym R . The trace represents the signal 
3. 
after the A/D and D/A conversions and is an excellent replica of the 
original signal plotted by the Bendix profilometer. The distance along 
the ball surface is shown in terms of the Hertzian contact diameter, d. 
For the conditions of steel on sapphire at 1.24 GPa peak Hertz pressure, 
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a) Unused ball surface (.38 ym R roughness). 
! 
b) Ball surface after running 24 minutes (.25 ym R, roughness). 
a 
Figure 73. Surface Profiles in the Direction of Sliding 
(PH = 1.24 GN/m
2, Vs = 1.02 m/s, Hertz 
Diameter d = 0.43 mm, pure sliding). 
193 
the calculated contact diameter is 0.43 ram. 
Figure 73b shows the same ball after running for 24 minutes in 
the simulator. The profile traces shown in Figure 73 were taken in the 
direction of the sliding motion. No attempt was made to measure the 
profile at precisely the same location on the ball surface. The traces 
taken are of sufficient length that they should be representative of 
any position within the wear track. The conditions of 1.24 GPa and 
V =1.02 m/s should result in a value of A < 1 based on the unused ball 
s 
surface roughness. The value A < 1 indicates that asperity interaction 
should be expected. Comparing the two traces in Figure 73, it is appar-
ent that the 24 minute run-in period has resulted in a smoother surface. 
The roughness is .25 um R which results in A - .4. The 15.9 mm radius 
a 
of curvature of the ball surface can also be seen. 
The primary function of the Fourier Analyzer is to perform the 
Fast Fourier Transform (FFT) on the time varying input signal. A con-
venient way of displaying the amplitudes of the component terms in Fourier 
series is through the power spectrum. The input to the analyzer is a 
time varying voltage. After the A/D conversion, the FFT results in a 
complex amplitude for each of the 127 (plus a constant) terms used in 
the series. Each of these terms is assigned a pair of channels in the 
analyzer. The frequency range, and therefore, frequency increment can 
be selected. The frequency assigned to two adjacent pairs of channels 
differs by a constant. The resulting plot of the power spectrum is against 
the independent variable, frequency. The value of the ordinate at each 
center frequency (channel) is the product of the complex amplitude for 
2 
that frequency and its conjugate. The units are, therefore, (volt) 
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versus Hz. The D/A conversion makes the plotted results appear 
continuous, but all of the data processing was done digitally in terms 
of the coefficients of the first 127 terms of the Fourier series. 
Although the results are plotted on a linear frequency scale in 
the analyzer, this is not a convenient representation for this study. 
This is due to the fact that the frequency is influenced by the profilo-
meter stylus scanning speed and differences between magnetic tape record-
ing and play-back speeds. In order to remove these effects, the abscissa 
has been changed to read wavelength. The unit of wavelength selected is 
d, the Hertz contact diameter of 0.43 mm. The power spectra of the pro-
files shown in Figure 73 are given in Figure 74. 
The first four channels (0-3) were cleared prior to plotting. 
This is because the values are so large compared to the values in higher 
channels (see insert), that a plot would show only the very low frequency 
components. The contents of channels 0-3 are however given in the inserts 
in Figure 74. Therefore, only components having wavelengths <3d have 
been plotted. In comparing the power spectra for the unused and run-in 
ball surface profiles, note the factor of two change of scale in Figure 
74a versus 74b. The most apparent contrast is the reduction of the com-
ponents having wavelengths <2d. Comparing the tabular data in Figure 74, 
it appears that roughness components having wavelengths >2d remain essen-
tially unchanged after the 24 minute run-in period. The nine percent 
difference in DC level can be attributed to slight differences in signal 
amplification in obtaining the two surface profiles. The most drastic 
change occurs for a wavelength of one Hertz diameter. This component has 
been reduced by more than a factor of eight. 
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Figure 74. Power Spectra of the Surface Profiles 
(PH = 1.24 GN/m
2, V = 1.02 m/s, Hertz 
diameter d = 0.43 mm, pure sliding.) 
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In addition to the power spectrum, the autocorrelation function 
can be useful in describing the surface profile. In fact, Whitehouse 
and Archard [57] and Peklenik [118] suggest the description of a real 
surface in terms of only a, the rms roughness, and 3 , the correlation 
distance. Briefly, the autocorrelation function is obtained by comparing 
a time varying signal, in this case the surface profile measurement, with 
a replica of itself where the replica is shifted some amount of time (or 
distance at a given velocity). If the shift along the surface profile 
is 8, then the autocorrelation function C(8) becomes 
1 l 
C(8) = j ! a(x)a(x+3)dx (64) 
o 
where a(x) is the amplitude of the surface profile trace at a particular 
x along the surface. For a truly random signal, C(8) will be a maximum 
at 8 = 0. If the signal is periodic, C($) will peak whenever 8 is a 
multiple of the wavelength. If a Gaussian distribution of surface rough-
ness amplitudes is considered, equation (64) results in an exponential 
autocorrelation function. When normalized such that C(0) = 1.0, 
C(8) = exp (-8/8*) (65) 
Therefore, when 8 = 2.38*, C(B) = 0.10. The value 0.10 has been arbi-
trarily set by Whitehouse and Archard as being sufficiently small that 
two points on the surface may be regarded as being independent. This 
follows from the fact that when the autocorrelation function C(8) is 
close to unity, two points on the surface 8 distance apart are strongly 
interdependent. However, when C(8) attains values close to zero, two 
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points on the surface 8 distance apart are weakly correlated and there-
fore essentially independent. The correlation length 2.33* can also 
be viewed as roughly being equal to the spacing between equal sized asper-
ities. The power spectrum is the Fourier transform of the autocorrela-
tion function, or 
00 
P(u>) = / C(t)e"ia3tdt (66) 
— 0 0 
Substituting equation (65) into (66) results in 
P(u>) = 0.5 for A = 1/w = 3* 
s 
P(u>) = 0 for X = l/o) < 0.13* (67) 
s 
P(a>) = k for A = l/u> > 108* 
s 
The wavelength 8* can therefore be thought of as a dividing point between 
those surface wavelength components having significant amplitudes and 
the shorter wavelengths which do not. Whitehouse and Archard have shown 
the model to be in good agreement with a large number of real surface 
profiles. 
Figure 75 shows the autocorrelation function for the unused and 
run-in ball surfaces shown in Figure 73. The position shift 8 is shown 
in terms of the Hertz diameter d. If the Whitehouse-Archard model is 
it 
applied to the data in Figure 75, the value of 8 can be found from 
C(2.38*) =0.1 C(0). The correlation distance 8* is .17d (74ym) for 
the unused ball and .33d (142um) for the run-in surface. It is apparent 
that the exponential model of equation (70) can only be used for 8 < 2.38 
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Figure 75. Autocorrelation Functions of the Surface Profiles. 
(A > 3d not included, P.. = 1.24 GN/m , Vc = 1.02 m/s, 
Hertz diameter d = 0.43 mm, pure sliding) 
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The further increase in C(8) implies that the profile is not truly ran-
dom, but has strong periodic components with wavelengths > d. This can 
also be seen from the power spectra shown in Figure 74. 
Figure 75 also shows that the correlation distance has doubled as 
a result of the run-in process. From equation (65) , a doubling of 3 
implies that two points on the surface must be taken twice as far apart 
after run-in to be considered independent. Because of the interrela-
tionship between the power spectra and autocorrelation function (equa-
tions (66) and (67)), if the surfaces were in fact random, the half power 
point would be shifted to a wavelength twice the value of that for the 
unused surface. This is the case when the high frequency components are 
reduced much more than the low frequency components (see Figure 73). 
This is also consistent with the notion of independent points. Consider, 
for example, a surface comprised of only two wavelength components 2d 
and 0.2d. When the 0.2d wavelength component is present, the autocorre-
lation function would have a value of 1.0 for 8 = 2md where ra is an 
integer. However, it would also have sizable peaks for $ = 0.2md (with 
drops to near zero between). After run-in, however, the 0.2d wavelength 
component will be substantially reduced. Assuming it to be eliminated, 
the C(3) now peaks only once every 3 = 2md and reaches zero between the 
peaks. If the correlation distance is defined as the ten percent point, 
it is apparent that this distance must be increased if high frequency 
components are reduced or eliminated. 
The AC signal from the infrared detector obtained during the run-in 
process was also recorded and analyzed on the Hewlett-Packard analyzer. 
However, in order to eliminate noise in the detector signal, a 20 KHz, 
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3dB filter was used during data acquisition. The noise remaining below 
—6 2 
20KHz had a peak power of about 5 x 10 (volt) whereas the detector 
-4 2 
signal had a power content on the order of 10 (volt) . Furthermore, 
the sampling technique used by the Fourier analyzer tends to average 
out the random noise while enhancing the signal. Figure 76 shows the 
power spectrum of the noise in the detector. 20 KHz frequency in Figure 
76 corresponds to a wavelength of ,12d. 
Figure 77 shows a normalized histogram of the AC signal from the 
detector obtained at the beginning of the run-in period (Figure 77a) 
and after running for eight minutes (Figure 77b). The figure shows 
that the voltage distributions are nearly Gaussian. Secondly, it is 
apparent that the amount of dispersion is decreased by the run-in 
process. It is interesting that both the high and low extremes in the 
radiation signal have been eliminated as the asperity peaks were removed. 
The symmetry of the fluctuations supports the argument advanced in the 
previous section that the peak in the temperature fluctuation signal is 
due to local heating at an asperity; whereas the minimum signal occurs 
directly after this maximum and is due to the relatively low local 
pressure in the region following an asperity. The radiation fluctuations 
of Figure 77 can be turned into temperature fluctuations by adding the 
time averaged output to the data of Figure 77 and using the IR detector 
calibration curves. 
Figure 78 shows the power spectra for the same IR detector sig-
nals as used in Figure 77. The abscissa has been replotted in terms of 
wavelength in units of d (Hertz diameters). It is apparent from Figure 
5xlO' 6 (vol t ) 2 
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Figure 78 . Power Spectra of Ball Surface Radiation Fluctuations 
(.38 um R& initial roughness, P.. = 1.24 GN/m , 
V = 1.02 m/s, Hertz diameter = 0.43 mm, pure sliding). 
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78 that the run-in process results in a significant reduction in power 
at all wavelengths. In both spectra, the peak occurs near A = 2d, 
although the run-in process has reduced the peak magnitude by more than 
a factor of three. It should be noted that the detector signal was also 
filtered to remove frequency components less than 500 Hz. This corre-
sponds to wavelengths in Figure 78 which are greater than 5d. 
Based on the results shown in Figures 75 and 78, the author 
believes that the methods presently used to determine acceptable levels 
of the R or rras surface roughness may not be the most appropriate. For 
3. 
example, the rms value for the surface shown in Figure 74a (unused rough 
ball) is equal to the square root of the integral of the power spectrum 
(Figure 75a). However, the proper limits of integration must be chosen. 
The Bendix instrument uses an upper limit of .76 mm (through electrical 
filtering) for averaging purposes and has a lower limit set by the stylus 
radius of 13 um. If one assumes that the absence of surface temperature 
fluctuations is indicative of negligible asperity interaction (as shown 
in the previous section), then as far as asperity interaction is con-
cerned, one can determine the significant wavelengths of the surface pro-
file. For example, Figure 78a shows that the temperature spectral power 
content during asperity interaction drops to about ten percent of its 
peak value for the wavelengths A <_ d/4. However, Figure 75a shows that 
there are significant roughness components down to at least A - .08d 
(the power content is essentially the square of the amplitude). The same 
figures show that the major components for both the roughness profile 
and the temperature signal are in the range d < A <_ 2d. Therefore, 
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whereas the roughness wavelength in the range d <_ X _<_ 2d are obviously 
important in causing temperature fluctuations, wavelengths shorter than 
d/4 appear to have no effect. This, of course, is based on the premise 
that a temperature fluctuation is caused by an asperity interaction. 
Based on the power reduction to ten percent of its maximum value, the 
lower bound for rms determination should be A - d/4. The upper limit 
s 
is set at A = 2d because the temperature signal drops off rapidly for 
A > 2d even though there are roughness components present with wave-
lengths greater than 2d (see Figure 75). 
On the basis of the data taken, it appears that the rms surface 
roughness to be used in a calculation of A(A = h/a) should consider only 
wavelengths in the range d/4 _< A <_ 2d. For this experiment, d = 0.43 
mm and the applicable range is then .11 _< A <_. .86 mm. A roughness of 
s 
about .38 ym rms was obtained using the Bendix system with limits of 
about .013 < A < .76 mm, and the standard filter transmission (2CR-type). 
— s — 
By integrating the power spectrum of surface profile between the limits 
of .11 _< A j< . 86 mm, and taking the square root, the rms value was .53 ym. 
This higher rms value is believed to be due to significant power in the 
range . 76 <_ A <_ . 86 mm. The Bendix instrument also has available cut-
offs at .25 mm and .067 mm. The use of either of these values would cor-
respond to rms integration limits of .030d <_ A <_ .58d and .030d jc A £ 
. 18d respectively. Since the desired range is .25d _< A <_ 2d, the result-
s 
ing rms values would not be r e l i a b l e in predicting surface i n t e r ac t ion . 
In addi t ion to the p o s s i b i l i t y of get t ing a value of surface 
roughness which cannot re l iab ly pred ic t performance, the fact that 
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wavelengths shorter than 0.25d do not appear to be significant might 
have an economic impact. For example, under conditions in which the 
Hertz diameter is relatively large, the final stages in a lapping or 
polishing process may not be important. 
The EHD contact appears to behave like a mechanical filter in 
which wavelengths outside of a relatively narrow band have a negligible 
effect on the performance of this system. If relatively thin films are 
expected during the operation of a highly loaded bearing, an improvement 
in surface finish should be considered. However, the magnitude of the 
rms roughness and the processes which might best improve the surface can 
not be adequately chosen until the Hertz contact diameter is known. 
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CHAPTER VI 
SOME ADDITIONAL OBSERVATIONS 
Some additional experiments related to the main discussions pre-
sented in Chapters IV and V were conducted. These experiments and sub-
sequent observations are discussed in this chapter. 
A. Glass Transition Observations 
Recent investigations into the possible role of glass transition 
and glassy state behavior of lubricants in EHD contacts, by Winer and 
coworkers [142], has indicated strong possibilities of some lubricants 
being in the glassy state in EHD contacts during normal operation. The 
proposition that the mechanical behavior of lubricants in EHD contacts 
might not be that of a viscous liquid but of an elastic solid under con-
ditions of pressure, temperature and shear rate present in EHD contacts, 
was first presented by Smith [143] in 1960, and later supported by 
Johnson and Roberts [144], and Johnson and Cameron [145]. 
Glass transition temperature has been observed to increase with 
pressure at a rate ranging from 80 to 350 C/GPa. Thus, it would be 
expected that some lubricants will be in the glassy state in an EHD con-
tact with average pressures of 0.7 GPa or higher at room temperature. 
Therefore, it would be expected that many lubricants are in the glassy 
state for a significant portion of the time they are in the contact. 
In the work of Winer and coworkers [142] and Alsaad [146], phase 
diagrams of pressure versus temperature are available for fluid Nl which 
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has been used in this study. In their work [142,146] glass transition 
temperature as a function of pressure based on two different techniques -
light scattering and volumetric dilatometry - is reported. The two 
techniques are complementary because the observation times are similar 
(about 200 S). If the fluid is in a glassy state according to dilatome-
try data, it is more likely that the fluid is in glassy state in an EHD 
contact during normal operation since the rates in an EHD contact are 
higher than the rates in a dilatometry experiment, and it is known that 
increased rate increases the glass transition temperature at a constant 
pressure. 
Knowing the temperature and pressure distributions in the EHD con-
tact, the phase diagram will permit determination of whether or not the 
lubricant is in the glassy state, approximately what operating conditions 
result in the glassy state behavior, and over what fraction of the contact 
area the glassy state exists. The measured temperatures of ball surface 
and fluid film are used and as a first approximation Hertzian pressure 
profile (modified at inlet) is used. 
Figure 79 shows the phase diagram for fluid Nl superposed with 
temperatures of the ball surface and fluid film at various operating 
conditions. The two phase lines correspond to the two techniques - light 
scattering and dilatometry. The liquid and glassy regions have been 
marked with respect to these lines. The temperatures of the ball sur-
face and fluid film at the inlet boundary, contact center and exit 
boundary have been marked on the same diagram. For this purpose, Hertzian 
pressure profile (modified in the inlet region) is assumed and the division 
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between the three regions is made rather arbitrarily. It can be seen 
from this figure that the glassy state does occur near the ball surface 
at low sliding speeds and sufficiently high contact pressures. 
Figure 80 shows ball surface temperature at the contact center 
versus sliding speed at various Hertz pressures (same as Figure 37) 
superposed with the two phase lines. To the left of each line, the fluid 
is in a glassy state and to the right the fluid is in a liquid state. 
Same data is shown plotted as a function of peak Hertz pressure in Figure 
81 (same as Figure 38) and superposed with the phase lines. Again, to 
the left of each line, the fluid is in a glassy state and to the right 
the fluid is in a liquid state. As shown in these figures, the lubricant 
near the ball surface is in the glassy state at low sliding speeds. At 
higher sliding speeds, the glassy state exists only at high pressures. 
This result is to be expected since a sliding contact generates large 
frictional heat and thus the temperature levels in the contact are rela-
tively high. These results indicate the existence of glassy state in 
sliding EHD contacts at relatively low speeds or sufficiently high 
pressures. 
Ball surface temperature distributions at different slide-roll 
ratios and peak Hertz pressure of 1 GPa shown in Figures 47 and 48, are 
repeated in Figures 82 and 83 but superposed with phase lines for fluid 
Nl. Figure 82 shows temperature distributions for a constant rolling 
speed of .75 m/s and Figure 83 shows similar data for a slightly higher 
rolling speed of 1.0 m/s. Based on the measured temperatures, assumed 
Hertzian pressure distributions, and the glass transition data, it can 
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will be in the glassy or liquid states. The portions are shown in the 
bar diagram in Figure 84. The lubricant near the ball surface is defi-
nitely in the glassy state for low values of slide-roll ratios (up to 
* 1.0). At sufficiently low slide-roll ratios, the glassy state occupies 
all the contact area. These results show that the fluid Nl is in the 
glassy state in sliding/rolling contacts and glass can occupy all the 
contact area at low slide-roll ratios. 
The existence of the glassy state in an EHD contact has important 
implications especially on the two most important operating variables of 
an EHD contact: the film thickness and traction. The presence of a 
glassy lubricant within the Hertzian pressure zone influences the trac-
tion behavior significantly. The significant properties then will be 
the mechanical properties of the lubricant in the glassy state. Since 
the relaxation time of a material in the glassy state is long compared to 
the residence time in the contact [142], it is possible that once the 
glassy state is reached, the lubricant will remain in the glassy state 
on the moving surface while the surface moves from one EHD contact to 
the next. Also, in sliding/rolling contacts, at sufficiently low slide-
roll ratios, the lubricant may be in the glassy state in the inlet zone 
of an EHD contact. These effects may obviously influence the film thick-
ness in the Hertzian region, since the controlling parameters in this 
case are the lubricant properties in the inlet zone. 
As has been demonstrated earlier, temperature measurements can :M 
reveal a great deal of information about the state of the lubricant. 
Many lubricants like five ring pblyphenyl ether (5P4E) or MCS 1218 are 
known to reach a glassy state at lower pressures [142], and these have 
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been used for EHD lubrication. Therefore, EHD contact temperature meas-
urements with these and similar lubricants, may provide more information 
on the effect of glassy state on the performance of an EHD contact. It 
has to be remembered that the state of the lubricant has no influence 
on the ball surface temperature measurement technique. 
B. Starvation Failure Experiments 
Failure is characterized by an onset of undesirable performance of 
a machine element. Depending on the selected performance criterion, var-
ious terminologies of the subject [147,148] are used. Scuffing or scor-
ing is 'gross damage characterized by the formation of local welds 
between the sliding surfaces.' Seizure, which rarely occurs in practice 
is defined as 'the stopping of a mechanism as the result of interfacial 
friction.' Smearing and galling occur in high speed rolling bearings and 
are similar in nature to scuffing or scoring. In this section, only the 
scoring or scuffing form of failure is considered. 
Transition to failure is usually not sudden. On the other hand, 
a system passes through various regimes before an ultimate failure is 
encountered. For a typical system, the sequence may be: EHD, partial 
EHD, boundary, and finally failure [140]. The transition from EHD to 
partial EHD lubrication regimes has already been considered in detail in 
Chapter V. The transition from partial EHD to boundary is often accom-
panied by large increase in friction with the wear rate remaining low. 
But, ultimate failure in the form of scoring or scuffing is always accom-
panied by a large increase in wear rate and sudden increases in noise 
and vibration, and with further operation these are followed by a 
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progressive increase in operating temperature, which may cause smoke to 
be given off by the lubricant. Other dramatic effects, such as showers 
of sparks, may sometimes be seen [147,148]. 
Rozeanu [149-152] maintains that the final step to failure is always 
instantaneous and occurs within a few microseconds. Rozeanu sees the 
seizure process as depending on the gradients of temperature, viscosity 
and shear strength in the upper layers of the solid surfaces. Low values 
of these gradients promote scuffing; high values prevent it. This 
mechanism of scuffing is one among a number of theories that have been 
put forward. However none of these theories appears to offer much of a 
clue about what is really happening. 
The experiments reported in this section are specifically directed 
towards determining whether the final step fo failure is really instan-
taneous. The failure criterion chosen is a local rise in temperature 
above a certain level. The approach to failure is accelerated by 
severely starving the EHD contact. 
The same experimental apparatus described in Chapter II and shown 
in Figure 3 is used. The infrared microscope is used in order to measure 
the ball surface temperature at the contact center but in a fast response 
mode. The fluid used in this study is the naphthenic base mineral oil 
Nl (see Appendix A for properties). The balls were made of AISI 52100 
(see Appendix B for properties) with 0.011 \im R finish. Present inves-
a 
tigation is limited to simple sliding with a stationary sapphire and 
moving ball surface. The following experimental procedure was used; 
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Experimental Procedure 
1. The system is brought into steady state operation (Steady State 1) 
at any given speed and load conditions. The ball surface temperature 
at the center of the contact is measured by using the IR temperature 
measurement technique. The traction coefficient and bath temperature are 
also measured. This regime is comparable to that used for all previous 
EHD data given in this research. 
2. The microscope is switched to operate in a high frequency response 
mode (AC mode), keeping it focussed at the center of the contact. The 
oscilloscope is set to trigger with the signal at a level of 1/2 volt 
and the oscilloscope camera shutter is kept open for recording the 
trace. 
3. The lubricant circulation and supply is stopped, thereby severely 
starving the contact. Still, some lubricant appears to adhere to the 
ball surface. With a clean Q-stab, the ball surface is cleaned as it 
approaches the contact. 
4. This brings the system into the starved state 2. Due to increased 
traction under these conditions, the ball surface velocity decreases to 
the values used in Table 16. Operation under these conditions was found 
to be unsteady. 
5. Shortly (approximately 15 to 30 seconds) after the system reaches 
the unsteady starved state 2, local failure occurs and the temperature 
level increases. This increase in temperature level triggers the 
trace on the oscilloscope. The camera shutter is closed after recording 
the trace. The transient temperature level is estimated by using the 
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calibration chart for the infrared microscope. 
6. Immediately after the local failure the system reaches a state 
referred to as post failure State 3. This post failure state 3 again 
appears to be unsteady, in that, local failure may occur any time in the 
future. In fact, temperature flashes appear corresponding to the spot 
on the ball where initial failure occurred. Under these conditions the 
time averaged ball surface temperature and traction coefficient are much 
higher than their values in steady state 1. Due to further increase in 
traction, the ball surface velocity decreases even further compared to 
starved state 2. 
The major results from these experiments are shown in Table 16. 
Five different experiments are reported with sliding speeds ranging from 
1.5 to 4.26 m/s and two different loads of 67 and 118.3 N. Load is main-
tained constant throughout each experiment and the bath temperature is 
monitored by a thermocouple. Under starved conditions bath temperature 
is not measured since the lubricant supply is cut off. The ball surface 
velocity decreased during the test for each experiment and this is perhaps 
attributable to the significant increase in friction coefficient to 3 or 
4 times the starting value. Because of the slow response of velocity 
readout and traction load cell, the transient values of velocity and fric-
tion coefficient could not be measured. Ball surface temperature measured 
by the IR microscope is also shown in Table 16. Both the transient and 
the time averaged values of temperature are shown in the table. Since 
the microscope was set to trigger with the transient temperature rise, 
the temperature during unsteady Starved State 2 could not be recorded. 
Table 16. Experimental Study of Starvation Failure 
of a Sapphire on Steel Ball Contact 






(or f) @ center 
1. Steady State 1 30 
Starved State 2 (unsteady) 
Transient 
Post failure State 3 (unsteady) 
2. Steady State 1 32 
Starved State 2 (unsteady) 
Transient 
Post failure State 3 (unsteady) 
3. Steady State 1 45 
Starved State 2 (unsteady) 
Transient 
Post failure State 3 (unsteady) 
4. Steady State 1 36 
Starved State 2 (unsteady) 
Transient 
Post failure State 3 (unsteady) 
5. Steady State 1 53 
Starved State 2 (unsteady) 
Transient 
Post failure State 3 (unsteady) 
67 
(P = 1.02 GPa) 
n 
67 
(P = 1.02 GPa) 
n 
67 
(P = 1.02 GPa) 
H 
118.3 
(P =1.24 GPa) 
n 
118.3 
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It can be seen in Table 16 that the transient temperature reaches 
very high values - sometimes up to 1100 C. The temperatures are very 
high and indeed the material softens under these conditions. The 
level of transient temperature increases with increasing speed and 
load, as can be expected. 
In addition to noting the values of the transient temperatures, an 
oscilloscope trace of the fast rise and decay of the transient tempera-
ture was recorded. It was found that the initial rise in temperature takes 
place within a few microseconds (approximately 8 us). This time span 
when translated to distance on the surface, corresponds to the width of 
a single asperity. It can therefore be concluded that failure has 
occurred first at a single asperity. Furthermore, it was observed that 
whenever this failed spot again came into the contact, a temperature 
flash was observed. If the system Is allowed to run under these conditions, 
it appears likely that many asperities begin to fail in just the same man-
ner, finally leading to an inoperable system. 
These findings then clearly support Rozeanu's conjecture that the 
final step to failure is essentially instantaneous and occurs within a 
few microseconds. These results may have an important implication on 
the theories for scuffing and scoring. 
Further work on the analysis of wear debris generated in these experi-
ments using a scanning electron microscope are under progress in Professor 
Rozeanu's Laboratory in Israel Institute of Technology; Haifa, Israel. 
Results are awaited. 
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C. Scoring with Steel on Steel 
The nature of scoring failure has been discussed in the previous 
section. In this section, the effect of the nature of materials forming 
a concentrated contact is described. 
Scoring was attributed to the formation of local welds under pressure 
and subsequent tearing. According to this description, the mechanism of 
welding between the two surfaces has to have an influence on scoring. 
The formation of local welds is often described by the property of adhe-
sion. Excellent discussion of the nature of the adhesive forces between 
surfaces is available in the work of Bowden and Tabor [153]. 
For example, when two clean copper pieces are pressed against each 
other, the atoms on one asperity approach those on the other until they 
are as close as the atoms within the copper itself. At this stage the 
interfacial atoms can no longer distinguish between their own neighbors 
and those of the other body. Consequently, the interfacial forces are 
exactly of the same nature as the interatomic forces in the bulk metal. 
Imperfections at the interface are certain to occur because of mismatch-
ing of crystal lattices, which can however be closed either by plastic 
flow or thermal diffusion. Perfect adhesion results if all imperfections 
are removed. Therefore strong adhesion is possible with similar materials 
and such a situation exists with a steel-on-steel contact. 
For dissimilar materials a similar argument applies if no alloying 
is possible such as in sapphire-on-steel contact. The interfacial forces 
will probably be an average of the interatomic forces, and thus may be 
greater than the forces in similar materials. However, stronger forces 
are needed in order to bring the interfacial atoms into a close proximity. 
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In this respect, the adhesion between dissimilar materials is not as 
immediate as with similar materials. It should be remembered that 
contaminant films lower the adhesive forces. 
This discussion shows that scoring should be more immediate for 
steel-on-steel contact than for a sapphire-on-steel contact. 
In order to verify this possibility, experiments were run for 
steel-on-steel system. The EHD apparatus shown in Figure 3 is used in 
simple sliding configuration. The sapphire disc is replaced with a 
polished (.006 m R ) AISI 52100 steel disc. Experiments were run for 
cL 
sliding speeds ranging from .8 to 5.0 m/s at increasing loads until 
scoring was encountered. For this system, scoring occurred at a sliding 
speed of 2.7 m/s and at a load corresponding to a peak Hertz pressure of 
1.51 GPa. Under these operating conditions, and in fact even at a higher 
peak Hertz pressure of 1.89 GPa, the sapphire-on-steel system was running 
without any signs of scoring. Indeed, the system was undergoing a 
successful running-in process. Figure 85 shows the location of scoring 
failure witnessed with a steel-on-steel system. Figure 85 also contains 
information on ball surface temperature rise at the contact center versus 
sliding speed at various Hertz pressure levels for a sapphire-on-steel 
system. It can be seen that temperature rise of at least 200 C must have 
been encountered for the steel-on-steel system. 
These results indicate that a system with similar materials is 
subject to scoring failure more readily than a system with dissimilar 
materials. They also emphasize the requirement of using a similar mater-
ial system for studying the scoring phenomenon, which otherwise may lead 
to erroneous conclusions. 
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Figure 85. Maximum Ball Surface Temperature Rise versus Sl id ing 
Speed (Rough B a l l : .38 urn Ra, F lu id Nl , Flat 
Surface Stat ionary , A < 1 except as Noted). 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The era of making advances in engineering by improved design result-
ing from successful investigation of failures in service appears to be 
past. Prevention of failure is better than any lessons that can be 
learned from it. A thorough knowledge of failure is then of paramount 
importance. Machine elements employing concentrated contacts are an 
important part of most machines, and understanding failure of such con-
centrated contacts is the key to their better utilization and design. 
The research reported here, performed under simulated severe conditions 
can yield good physical insight into several phenomena occurring under 
such conditions of operation. 
The present research was directed toward understanding thermal 
effects and asperity interactions in elastonydrodynamic lubrication, in 
order to study the transition from the elastohydrodynamic lubrication 
regime through the boundary regime leading to failure by scoring of sur-
faces. Temperatures developed at the contact zone, and changes in sur-
face topography were the main dependent variables in this study. 
An infrared technique was developed to measure contact tempera-
tures. A non-contact type of temperature measurement is almost a necessity 
in order to measure the ball surface and fluid temperatures in an EHD 
contact, because of the very severe conditions of pressure and shear 
zz / 
stress existing in such a contact. An infrared microdetector (Barnes1 
mode RM-2A) was used to collect the radiation emitted by the EHD contact 
from a spot size of .036 mm diameter, which corresponds to one percent 
of the contact area under moderately heavy loads. Ball surface temperature 
and fluid film temperature (fourth power average through the thickness) 
were measured at peak Hertz pressures ranging from .52 GPa (75,500 psi) 
to 2.03 GPa (294,000 psi) for sliding speeds ranging from .02 m/s to 12.7 
m/s. A substantial amount of heating in the inlet zone both of the sur-
face and fluid film was observed. Thermal effects therefore can consid-
erably reduce the film thickness. The temperature measurement results 
indicate a fluid temperature typically 60 C above the surface temper-
ature which can be as high as 250 C. This may well be the limit of 
chemical stability of several lubricants. Ball surface temperature at 
the contact center was measured for a range of loads and sliding speeds. 
The effect of speed and load on surface temperature is deduced. Compari-
son of these with flash temperature formulas of Blok, Jaeger, and 
Archard yield excellent agreement both in trends and actual values. 
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case of two moving surfaces, could predict moving surface temperature 
reasonably well. 
A rough surface operating in a regime of low lambda ratio (A less 
than 2) was found to produce higher surface temperatures. Ball surface 
temperatures were measured for balls of three different roughnesses 
.011, .076, .38 ym R values, at various Hertz pressure levels and a 
Si 
range of sliding speeds. It was found that the percent increase in 
flash temperature due to roughness correlated very well with predictions 
from surface roughness factors recommended by AGMA. 
During transition from full film elastohydrodynamic lubrication to 
boundary lubrication, surface asperity interactions are important. 
This lubrication situation is characterized by the coexistence of an 
elastohydrodynamic fluid film and interacting asperities, and is usually 
designated as partial elastohydrodynamic lubrication. Under these condi-
tions of operation high values of local temperatures at the asperity tips 
were observed. These local temperatures appear as temperature fluctua-
tions about a time averaged value because of the surface movement. An 
onset of significant asperity interactions was always accompanied by a 
similar onset of temperature fluctuations. The degree of asperity 
interactions, often characterized by the lambda ratio (ratio of EHD film 
thickness to composite surface roughness), is also related to the amount 
of asperity wear. The surface wear was measured by both relocation pro-
filometry of the surface and lubricant sample analysis (both ferrographic 
and spectrographic). These results clearly show that surface wear 
increases rapidly as the lambda ratio decreases below unity while the 
magnitude of the temperature fluctuation also increases. Wear coeffi-
cients of the order of 10 were measured. These values indicate a low 
wear regime operation. 
During partial elastohydrodynamic lubrication experiments, a spec-
tral analysis of temperature fluctuations and surface profile was 
carried out before and after the experiment. It was found that fluctua-
tions in temperature result from specific surface asperities interacting 
between the two surfaces. Furthermore, it was clear that although the 
surface consists of features of different wavelengths, only a narrow 
wavelength range was involved in the asperity interactions which caused 
the temperature fluctuations. Tbe significant band has wavelengths from 
about one-quarter to twice the Hertz diameter of the contact. The actual 
value of wavelength band of interest, therefore depends on the given appli-
cation. The elastohydrodynamic contact acts as a mechanical filter on 
the surface profile and is unaffected by surface roughness outside the 
band of significance defined above. The contact perhaps acts as a cam 
and flat follower and is unaffected by surface wavelengths beyond twice 
the Hertzian diameter, and surface features of wavelength less than one 
quarter of the Hertzian diameter are perhaps plastically deformed or carry 
on insignificant portion of the load. These results have important impli-
cations in the specification, measurement and production of engineering 
surfaces. 
Scuffing or Scoring is gross damage characterized by the formation 
of local welds between the sliding surfaces, and is indeed a complicated 
phenomenon to quantify. Transient temperatures were measured during an 
onset of scoring failure induced by severe lubricant starvation. It was 
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found that the step to failure is extremely rapid and occurs within a 
few microseconds (less than 8 ys). It is apparently associated with a 
single asperity on the surface. This may have an important implication 
on the theories for scuffing and scoring. It was also determined that 
scoring occurs more readily in a similar material combination than a dis-
similar material combination. 
The proposition that the mechanical behavior of lubricants in 
elastohydrodynamic lubrication might not be that of a viscous, liquid 
but that of an amorphous glassy solid is receiving attention lately. 
Measured surface temperatures indicate a strong possibility for the 
existence of a glassy lubricant in elastohydrodynamic contacts. Further 
temperature measurements with different lubricants may reveal more infor-
mation in this aspect. 
Recommendations 
A need for the study of failure of elastohydrodynamic films clearly 
exists. Because of the complicated nature of this problem area, an 
extensive amount of research work is needed. 
The effect of surface roughness and surface defects continues to 
be an area of interest. 
In the present work, only surfaces with isotropic features were 
considered. However, in practice, there are many applications where the 
surfaces have preferred orientation. The effect of surface roughness 
orientation on film thickness and surface temperature fluctuations needs 
to be investigated experimentally and analytically. A long range goal 
in this effort is to understand the effects of orientation of surface 
pattern on contact scuffing or scoring. 
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Even though utmost care is exercised during manufacture of surfaces 
some dents, ridges and surface defects are inevitably present. Further-
more, these defects may be introduced during assembly, handling and 
transportation. A recent investigation by Wedeven [154] has shown that 
dents passing through an EHD contact reduce the local film thickness. 
Associated with these dents, local high temperatures may develop leading 
to some form of failure. Therefore, the author feels that there is an 
urgent need for measurement of temperatures during the passage of dents 
and ridges through an elastohydrodynamic contact. 
The purpose of studying starvation initiated failure was to inves-
tigate the possibility of measuring the associated temperature changes. 
More work in this direction is certainly needed. The failure by scoring 
may also be encountered at high loads. Rigidity of the experimental 
apparatus was the limiting factor for increasing loads. However, by using 
a more rigid apparatus, higher Loads and speeds could be imposed. In 
addition to the study of transient temperatures, examination of the wear 
debris may reveal the mechanism involved during failure. 
Another important associated area of research is the investigation 
of the effect of lubricant rheological properties on failure. Although, 
the lubricant rheological properties may not be crucial in the final 
failure stages, they are certainly important during the transition from 
elastohydrodynamic to boundary lubrication. This area has not been 
investigated in the present research, but needs some urgent work. The 
nature of lubricants and additivas may have an effect on the degree of 
asperity interaction. The process of successful running-in may also be 
affected. 
The existence of the glassy state of lubricants in elastohydro-
dynamic contacts has already been indicated by the temperature measure-
ments reported in this work. Further temperature measurements with 
lubricants like 5P4E, MCS 1218 which go into the glassy state more 
readily, are very desirable. The IR technique developed in this work can 
be used with little or no modification for surface temperature measure-
ments with other fluids. 
The infrared technique that has been developed for the simulated 
EHD conditions of operation appears to have a potential for application 
in similar and more complex practical situations such as gear teeth con-
tacts. Likewise, the frequency analysis techniques described in this work 
have potential applications in the three dimensional analysis of surfaces 
(or microtopography) and their effects on lubrication. 
APPENDIX A 
DESCRIPTIVE DATA ON NAPHTHENIC BASE FLUID Nl 
Source: 
Supplier's designation: 
Symbol used in this study: 
Viscosity at 100F, 0 GPa 
m /s, Pa.s: 
cs, cp, SUS: 
Viscosity at 100 F, .138 GPa1(20,000 psig) 
m2/s, Pa.s: 
cs, cp, SUS: 
Viscosity at 210 F, OGPa 
m /s, Pa.s: 
cs, cp, SUS; 
Viscosity-Temperature Coefficient VTC 
8 100 F [VTC - 1 - (M210/U100)p] 
0 GPa 
.138 GPa (20,000 psig) 
V i s c o s i t y index (ASTM D-2270) 




24.06, 22, 115.2 
477xl0"6, 460xl0~3 
477, 460, 2200 
3.728xl0~6, 3.228x10 3 
3.728, 3.228, 38.59 
Viscosity-pressure coefficient — -r-̂-
V 9P 







22.19xl0~9, 1.53x 10 
.138 GPa (20,000 psig) 
@ 68 : 
@ 100 F 
-9 
1 3 3 












(3 210 F 0 GPa: 866, .866 
.0724 GPa: 905, .905 
.138 GPa 933, .933 
Refractive Index @ 0 GPa: 1.5085 
Flash point (C) @ 0 GPa: 315 
Fire point (C) @ 0 GPa 365 
Pour point (C) @ 0 GPa .45 
Thermal conductivity (w/mK, Lbf/°F .sec) .13, .0167 
Molecular weight? : 305 
% C atoms 
3 
in aromatic rings : 21.5 
% C atoms 
4 
in naphthenic rings : 36.0 
% C atoms 
4 
in paraffinic rings : 42.5 
% C atoms in aromatic rings : 20.3 
% C atoms in naphthenic rings : 34.5 
% C atoms in paraffinic rings : 45,2 
Average number of aromatic rings p< sr molecule : ,77 
Average number of naphthenic rings per molecule : 1.74 
Average number of total rings per molecule : 2,51 
Novak, J. D., and Winer, W. 0., "Some Measurements of High Pressure 
Lubricant Rheology," Transaction ASME, Journal of Lubrication Tech-
nology, July 1968, pp. 580-591. 
2 
Calculated from viscosity data using the method of Hirschler, A, E., 
Journal of the Institute of Petroleum, Vol. 32, 1940, pp. 133-161. 
3 
Obtained using the Viscosity-Gravity Constant and the Refractivity 
Intercept using the method of Kurtz, S. S., Jr., King, R. W. Stout, 
W. J., and Gilbert, D. J., from a paper, "Relationship between Carbon-
type Composition Viscosity-Gravity Constant and Refractivity Intercept, 
presented before the Petroleum Division, ACS, September 1955. 
4 
Same reference as above. 
Calculated using the n-d-M method of structural group analysis of 
mineral oil fractions of Van Nes and Van Westen, "Aspects of the Con-
stitution of Mineral Oils," Elsevier Publishing Company, Inc., 1951. 
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APPENDIX B 
PROPERTIES OF STEEL AND SAPPHIRE 
Properties of steel: 
Material - AISI 52100 (chromium steel) 
(Standard ball bearing steel) 
Composition -
in ™ P S Si Cr 
Element C Mn / \ / \ 
(max) (max) 
Percent .95-1.00 .25-.45 .025 .025 .2-.35 1.3-1.6 
Steel balls - Grade 25 (.000025 m/m of diameter) 
Finish (.011, .076, and .38 ym R ) 
EL 
Diameter = 31.8 mm, mostly 
Hardness 
Temp. C 40 95 150 205 260 315 
Rockwell C. 63 62 59 57 54 52 
Thermal Conductivity k 
at 23 C, k = 37.0 W/mK (4.62 Lbf/°F sec) 
at 100 C, k = 34.7 W/mK (4.34 Lbf/°F sec) 
Specific heat C = 429.4 J/kgK (.10 Btu/Lbm °F) 
Density Y = 78.33 kg/ra3 (488 lbm/ft3) 
Thermal diffusivity 
at 23 C, a = 11.0 x 10"6 m2/s (1.754xl0~2 in2/sec) 
at 100 C, a = 9.56 x 10"6 m2/s (1.49 x 10"2 in2/sec) 
Modulus of Elasticity E = 207 GPa (30x10 psi) 
Poisson's ratio v = .3 
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Properties of Sapphire: 
3 
Density y = 3980 kg/m 
Hardness - Moh 9, Knoop microindenter 2000 
(> 63 Rockwell C) 
Modulus of Elasticity E = 365 GPa (53 x 106 psi) 
Poissonfs ratio v = .25 
Compressive strength - 2.07 GPa (300,000 psi) 
Tensile Strength (at 20 C) - .4 GPa (58,000 psi) 
Modulus of rupture (maximum bending stress depending on orientation) 
-.45 - .69 GPa (65 - 100,000 psi) 
Modulus of rigidity - 186.2 GPa (27 x 106 psi) 
Thermal expansion Coefficient (60° orientation) 
20 - 50 C: 58 x 10"7 m/m-K 
20 - 500 C: 77 x 10~7 m/m-K 
Thermal Conduct iv i ty k 
at 0 C - 46.1 W/m.K 
23 C - 41.9 W/m-K 
100 C - 25.1 W/m-K 
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Contact radius a (for ball radius R = 15.9 mm) 
1/3 
a = .0436 W ' mm, W in N 
= .00282 W 1 / 3 inch, W in Lbf 
Peak Hertz Stress P (for ball radius R = 15.9 mm) 
H 
Pu = .2515 W
1'3 GPa, W in N 
H 
= 60,000 psi, W in Lbf 
w a PH W a P H 
N mm GPa 
0 
N mm GPa 
0 0 215 .2612 1.5067 
5 .0746 .4301 250 .2747 1.5844 
8.9 .0904 .5212 281.4 .2857 1.6481 
10 .0939 .5418 300 .2919 1.6836 
15 .1075 .6203 307.4 .2943 1.6974 
20 .1183 .6827 350 .3073 1.7724 
25 .1275 .7354 374.1 .3142 1.8122 
50 .1606 .9265 400 .3212 1.8531 
67 .1771 1.0215 425.7 .3280 1.8919 
75 .1839 1.0606 450 .3341 1.9273 
100 .2024 1.1674 500 .3461 1.9962 
118.3 .2140 1.2346 522.1 .3511 2.0251 
150 .2317 1.3363 550 .3572 2.0625 
200 .2550 1.4708 600 .3677 2.1212 
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APPENDIX C 
NUMERICAL VALUES OF FACTORS IN WIDE BAND 
AND NARROW BAND FILTER CALCULATIONS 








n = T (1 - Pl)(l - p9) = .8905 s s 1 l 




N - 8.0 mv or 1.2475 mw/cm .sr o — 
Tv = .1174X
3 + 4.621X2 + 4.653X + 38.94 
D 
where, X = ln(N - N„) = In N 
U m 
(N - N.) = N in mv 0 m 
Narrow band filter: 
x = .95 s 
p± = .076 
P2 = .0064 
n = x (1 - p )(1 - p ) = .8722 
s s 1 2 
p *= Pl + T
2 (1 - p j V = .08093 s 1 s 1 z 
? 
N = .19 mv or .0296 mW/cm »sr 
N _(T) = Exp[.000000245 T3 - .00015702 T2 + .05463T - 2.808] 
DC 
where N is in mv and T in C. 
BB 
Emissivity and Transraissivity (Fluid Nl): 
0097T 
E rh,T) = 1 - exp[-.000055h e *' ] 
r 
T (h,T) = Exp[-.00000623h e-
0 1 6 3 7 T] 
r 
where T is in K, h is in microinches. 
Total radiation through Narrow band filter: 
For e, = .20, 
b 
NT = .1736 NBB(Tb)Tp(h,TF) + [.1736 eF(h,TF) 
+ 65 eF(2h,TF)] NBB(TF) 
+ .104T_(2h,T_) + .0153 
r r 
where, N , N are in mvs 
DD 1 
Tp inK 
h in microinches 
T, in C 
b 
TEMPERATURE REDUCTION PROGRAMME (P = 1,02 GPa, V, = 1,39 m/s) 
H b 
C Z-O T E v P E M T l H E ^ D 3 3 A ^ 
D I M E N K I J M X J J ( 2 5 ) » X j ( ! 9 ) f X K < ( 1 3 > * X * ( 1 0 ) * H ( 1 9 » 1 0 ) , 0 A T A ( 2 # 2 5 » 1 3 
1 )» X ( 7 ) » Y ( 7 ) , C L ( 2 > » AA(25>» A 3 < 1 9 ) » T < 3 ' 1 9 t 1 0 ) » D A T < 1 9 ) , H A < 6 » 1 9 * 
2 1 G ) O A T 3 ( 1 9 > 
p = l.E-6 
i = • i'»U5 
S i x = o« 
: A33AY ^ E ^ A ^ A T I O ^ I 
X j . j ( l ) = - 9 . 
0 J 5 J J = £ ' 2 5 
5 X J J ( J J ) = A J J ( J J - I ) * , 7 5 
X J ( 1 ) = - 9 , 
DO 10 J = d*19 
10 X J ( J ) = X J C J - D > I . 
X < < ( 1 ) = 1 , 
00 15 K< = 2 » 1 3 
15 X K < ( < < ) = X < K K K - 1 > > , , 
X < ( 1 ) = 0 . 
DO 20 < = 2 » 1 0 
20 X s U O = X < ( < - 1 ) • 1» 
C IMPJT 
Av|^ = B.O 
DO 8 0 0 b I = l > 5 
DO l O n a K = 1 ' 1 0 
10Gb R i i O ( b r l O O b ) ( HA ( I • Jt < ) r J = l r 19) 
1 0 0 6 F O ^ A T ( 1 9 r ' 4 . i ) 
3 0 0 * F D ^ W I A T ( I H l ) 
DO 80f, i ) J = 1 > 1 9 
3000 W-UTE ( 6 » R 0 0 l ) ( H A ( I » J , K ) , < = l t t Q > 
30Q1 Fo^v iA r ( 1 0 X > l n F 6 . 1 ) 
3 0 0 b C O M T I M J E 
£ F U M T-4lC<=\lESS EXTRAPOLATION FOR 500 IPS 
DO l l n l < = 1 » 1 0 
DJ 1 1 ^ 1 J = 1 # 1 9 
CALL JA3EXT ( H A ( l f J r < ) » H M ( 2 » J » O f H A ( . ^ r J » K ) r H A ( ^ r J r K ) » H A ( 5 ^ J » K > » H ( 
1 J » < ) ) 
TEMPERATURE REDUCTION PROGRAIIME ( C o n t d , ) 
1151 COMTIMJE 
DO 3010 J=i»19 
3010 WRITE I5r800l) (H(J»K),K=1»10) 
DO 101D I = lr2 
DO 1010 <K = 1»13 
READ (5*1007) (DATA(I»jJf<<)r JJ=1»15) 
1007 FO^^AT (15F5.2) 
READ ( D ' l O U S ) ( D A T A ( I » j j * < < ) $ J J = l 6 ' 2 & ) 
1003 F j^v iAr ( 1 0 F 5 . 2 ) 
DO 1 0 U J J = 1>25 
10L0 D A T A ( r # J J ' « < > = D A T A ( I # J J , < < ) • AM3 
1015 AM-< = n . l 9 
CE\|TER LIME CALCJLATION 
I z 1 
^ N = i 
;_:> = 7 
X I j ) r. 1 . 
DO 1 5 , 0 << - 2*t 
1500 X U O = X K < - D * l» 
1505 DO 1 5 ; 0 '<< = I f / -
Y U < ) = 0 . 
DO 1 5 H i JJ = 1 ' 2 5 
lbLO Y l<<> = Y U < ) • O A T A t I , J J , < < ) 
SO TO 3 0 0 0 
1515 C _ ( I ) = - C L S 1 / ( 2 . * C L 5 2 ) 
1 = 1 + 1 
I F ( I . L E . 2 ) 3D TO 1505 
•-. C L ( D = - C L H > 
wRTTE ( o r l o l 6 ) ( I » C L ( I ) » 1 = 1 . 2 ) 
1515 F j ^ A T ( H i ' 1 0 X » 2 H C L » I i . 2 H = , F 5 . 2 / / / 1 0 X * 2 H C L ' 1 1 » 2 H = , F 5 . 2 ) 
C DATA R-DJr .MON * Y DIRECTION 
1 = 1 
ML^ = 2 
LS = 4 
2000 K< = 1 
N: 
• * > 
TEMPERATURE REDUCTION PROGRAM ( C o n t d . ) 
2005 DO 2010 JJ = 1»25 
AA(JJ) = DATA(I#JJ9<K) 
2010 DATA (I*JJ»<K) = 0. 
Do 20jb J = 1*19 
201b A3(J) = 0, 
JJ = 1 
2020 DO 20?5 L = 1>* 
X ( L ) - X J j U j f L - D 
2025 Y ( L ) = A A U J + L-1) 
GO TO 3000 
2030 DO 2 0 ^ D J = 1»19 
IF CXJ(J).LT«xU)-EP03.Xj(J),ST.X(<t>+EP) SO TO 2035 
DATA(ifJ,<<) = 3ATA<IrjfK<) + (CLS2*XJ(J)+CLS1)*XJ(J) * CLSl 
A3(J) = A3(J) • 1. 
2035 C O M T I M J E 
JJ = ,U > 1 
IF U J . L E . 2 2 ) 30 TO 20?0 
DO 20<40 J = 1»19 
20'40 DATA (1»J*K<> = DATA (I, J» < < ) /A3< J) 
KK = kK + 1 
IF (K<.uE.i3) 30 TO 20f)5 
1 = 1 + 1 
IF (I.LE,2) SO TO i>000 
DO 20al J=1'19 
20!*1 D*\r (j)=DATA(l»Jfl3) 
DO 20U2 J=1'19 
2042 DAT3(j)=DATA(2»J»l) 
GO TO 4000 
C LEA5T > 3 U A ^ E 5 CALCULATIONS 
3000 XZ = 0. 
xi = n. 
X2 = 0. 
X3 = 0, 
xu = n. s 
Yl = 0. 
xr = n. 
X2Y = 0. 
TEMPERATURE REDUCTION PROGRAMME (Coxitd.) 
00 30na L = 1»LS 
XZ = xZ * 1 . 
X I = x l • X<L) 
Y l = Y l • Y ( D 
XY = XY > X < L > * Y ( L > 
5v = x < L ) * X < L > 
X2 = * 2 + .W 
X2Y = X2Y + 5V*Y (L> 
Sv = ^ \ / * X ( i . ) 
X3 = X J + ^\/ 
3 0 J b XH - x4 + 3 v * x < L ) 
v CA = x<£ - X 3 * X 3 / X 4 
Ca = < i - X 2 * x 3 / X 4 
CC = xlf - x2Y*X3 /X '+ 
CD = A 3 - X l * X ^ / X 2 
C i = x2 - XZ.*X'4/X2-
CF = xifY - Y l * x t * / X 2 
I F (A-^S<CD) -LE-.EP) 30 TO 3010 
I F ( A ^ S ( C 3 * C D - C E * C A ) . L " . E P ) GO TO 7000 
CLsZ = < C C - C F * C A / C D > / ( r 3 - C E * C A / C D > 
CL*U = (C F - :E*CLSZ) /CD 
GO TO 3015 
3010 CL<;Z = CF/CE 
CLsl = (CC-C3*:L5Z)/CA 
3015 CLs2 = (X2Y-X2*CL5Z-X3*CLS1)/X4 
3D TO (1515»2030^035), NLS 
C DATA REDUCTION - X DIRECTION! 
4000 1 = 1 
NLS = 3 
4005 J = 1 
4010 DO 40 la K< = 1»13 
AA<«) = DATA(I»J»KO 
^015 DATA (IPJPKO = 0« 
DO 40?u < = 1»10 
^020 Ad(<) = 0. 
TEMPERATURE REDUCTION PROGRAMME (Contd.) 
4 0 , 0 1- ( C L l l ) - * ' ^ < < « ) - 3 T . 6 . 0 . 0 R . X « C K K ) - C L ( I ) » S T . 9 , 0 ) GO TO 4 0 4 1 
Do 40:<>o L = 1*4 
X(L> = X « ( « + i - - D - C L < D 
4030 Y(L> = A A U * + L"1> 
SO TO 3000 
4035 DO 40u0 K = 1»10 
I F ( X s ( O . - T . X ( l ) . 0 R . X < ( K ) . 3 T . X < 4 > ) Gj) TO 4040 
D A T A ( T # J t O = D A T A C I r J . O +• ( C L S 2 * X K ( < ) + C L & 1 ) * X K ( K ) * CLSZ 
A 3 ( < ) = A3<<> *• 1 . 
4040 COMTI JJE 
4041 <* = << * 1 
IF (K<.LE.13> 30 TO 40*5 
Do 40u5 < = 1>10 
4045 DATAdfJfO = 0ATA(I»J,O/A3(<> 
J = J + 1 
IF (J.LE.19) 3D TO '401n j 
1 = 1 + 1 
IF (I.LE.2) 30 TO 4005 
IF(CL(i>.3T.4.) GO TO U046 
404b DJ 40U7 J=i»19 
4047 DATA(i»J»10>=DAT (J) 
I'F(CL(2)«LT«1.) GO TO t*04ri 
434b D'J 40-^ J=1'19 
4049 DwlACprJ,l)=DftT3(J) 
tfRTTE <b#3002) 
DD 30ii4 I - i#2 
A'KTTE (b»3U05) 
300D FORMAT (/) 
DO 80:^4 J = 1#19 
3004 w^TTE 1 6 . S 0 0 3 ) ( D A T A ( I , J » < ) t <=1>10 ) 
CW)2> FCRMAT ( 1 0 A » 1 0 - 3 . 2 ) 
C A ^ Z J L A T r A . j P R U T BALL T E M ^ E R M T J R E 
W ^ T T E ( b » 5 u 0 0 ) U » < = 1 , 9 ) 
5000 F ^ v i A r ( H l » 2 ^ X t 2 8 H 3 A L i TEM3ERATURE (DEGREES C ) / / / 1 0 X » 5 H I N L E T » I 5 » 3 
1 1 7 / / ) 
Du 5UxO J = 1»19 
JZ = T A 3 5 ( J - 1 0 ) 
TEMPERATURE REDUCTION PROGRAMME ( C o n t d . ) 
3 J 50*13 * ' , 1 , i 0 
CA" AL j 3 < 1 ' t + 0 5 7 * < D A T A ( i , J f < ) - 8 . 0 ) > 
50*5 T ( i ' J ^ ) = ( ( * i m 3 * " ' v + l '«o2l>*CA+4.65.5>*CA • 3 8 . 9 4 - 1 . 2 5 - 1 , 5 0 
° IP ( j .ME»' 4 'A^D»U.NE«7,^NjD. j .ME.m#AND.J.NjE # l7 ) GO TO 5010 
; , T T r <6'5005) 
^ S W ^ 30T0 501S 
5011 ?oa«IAT ( 8 X . 1 0 P 7 . 2 . I * ) 
S") TO 5 ^ 
SniS WPTT^ (&»5016) ( T ( l » J r < ) » < = l r l 0 ) 
5016 FQ^AT ( / 5 X r l 0 ^ 7 . 2 r l 3 H CE-MTER L INE/ ) 
5020 C 3 M T I \ J ! 
UrtlTE (6 '5021) 
5nPl ro^viAT (//iOX»«*HEXlT) 
~A '}> AT? A;.0 P * ^ T PLUID TEMPERATURE 
- ) , S0?J M " 2 ' 3 
W-TTE ( 6 ^ u 0 ° ) ( < ' K=1.9> 
5000 FORMAT <Hl '27X»29r iFLJlD TEMPERATURE (DEGREES C) // /10X»5HIN|LET» I5# 
1 8 1 7 / / ) _ 
DO 50*5 J " } ' | 9 
j ~ - T A 3 S < J - 1 0 > 
DS 60SU * * 1'i0 
CALL \<A3 T 1 T «T(lrJ»K)rT(MiJ»K>rHCJrK)iDATAC2f JtK>> 
D O O O COM ^Nj?.i|#ANJ3,J.NE*7.aNJD,J.NE.lif.AND.J.NE.l7) GO TO 6055 
i r T T E " ( 6 r 5 0 0 6 ) 
, . , , "r ( j r .SQ.O) 30 TO 6O611 
i a T T r ' ( * ' 5 0 l l ) ( T ( M » J r < ) , <=1,10>» JZ 
m TO 6^"° 
5060 WRITE < * ' 5 0 l 6 ) l m ' J ' < J ' < = 1'10> 
5065 COMTlMUt - n p 
6070 * U T E r t l o l l 
HHJTZ l & ' 8 0 0 2 ) 
7000 CALL E* IT 
E^D 
TEMPERATURE REDUCTION PROGRAMME (Contd. . ) 
S! J., '70; if IN." NAGTIT ( T 1 r T » Mr nATr ) 
RF.*L ; h j h » NP.BF 
r JF .̂ .*? = -' xP( ( ( 2 . i + c S E - 7 * T l - i . 5 7 n 2 | - > ^ ) * T l + . . 1 5 ^ 6 3 ) * T l - ? . . 8 U 8 ) 
F = i , .CCn l 
N = > 0 
L r . i 
T = ^ 4 R . 
602fS T / \ -T + ? 7 3 . 
lFvT .GT. t>PO) GO TO 6030 
G : : - S . ^ S o F - b + H*FXP( . 0 P 9 b 9 2 * T A ) 
t /». = 1 . - EXP(G) 
t f . v H = i . - Eyp (? . .+G) 
G = - 6 . ^ 3 L - 6 * H * E x P ( . 0 1 6 3 7 + T A ) 
T R M = | A P ( o ) 
TRW-I = Lx^ i^ .+r . ) 
NP.r,F = KAp( ( ( 2 . < ; s E > 7 * T - l . 5 7 o p E - ' O * T + . 0 5 - b 3 ) * 7 - 2 . 8 n 8 ) 
F T - t 1 7 3 O * T K H * N H F < H + '( • 1736*E :.iH + . 6 5 0 * F M 2 H ) * N B R F + . 0 1 5 3 0 + . 09760*TR£H-DA 
1TA 
FT»- = 0 . j 7 . V . * < - n . 0 0 0 0 0 6 2 3 * H ) * < 0 . 0 1 n 3 7 ) * F X P < 0 . 0 1 6 3 7 * T A ) * T R H * N P 6 B 
1 - H + O . l 7 : v ' , *0 .0 f l 005 t +96*h * n • 0 0 9 n 9 2 * £ X P ( n • 0 i )9692*TA ) * (1-EMH) +n • 6 
2 5 + i , . u n n l P < ? 9 2 * H * • 0w9b r 'P*FXP( . 0t)9b-*2*TA ) * ( 1-EM2H) ) +NBBF+ < 0 . 1 7 3 6 
7*F.. .H+n.bS*^M2H)*NI:.U3F*( ( O . D n O o n o 7 3 5 * T - 0 . 0 0 0 3 1 4 0 4 ) * T +0 
4 . 0 . V * 6 3 ) - O . U 9 7 6 * 0 . 0 0 001246*M * 0 . 0 1 * 3 7 * E x P ( 0 . 0 l o 3 7 * T A ) * T R 2 H 
CAl L , r W 7 i r ( T ^ F T r F T p r F r N r L ) 
GO TO ( o 0 2 5 ' 6 0 s S 0 f 3 r 4 » 5 r 6 ) M 
6n3n T = / . 
GO TO b05"-
3 T = ;* 
GO TO o0b"> 
«* T - <*• 
GO TO r»050 
.5 T =f3. 
GO TO r»0S* 
6 T = 6 . 
GO TO i-,0SP 
6 o 5 n Co . jT I r . i i L £ 
RF iUpr ; <* 
fcl r-J i . 
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APPENDIX E 
TYPICAL CALCULATION WITH NARROW BAND FILTER 







At Side Lobe 
min. H. 
Ball Surface 
Contribution 30% 50% 57% 30% 
Fluid 
Contribution 50% 40% 36% 50% 
Ambient 
Contribution 20% 10% 7% 20% 
APPENDIX F 
Table Fl» Film Thickness (in units of .0 
(Fluid Nl , Load = GTN, P„ = 1.02 GPa, V, 
rl b 
I n l e t 1 2 3 4 
1 9 . 1 1 9 , • 5 2 0 . 0 2 2 . 6 2 6 . 1 
8 , 7 9, >3 1 0 . 4 1 2 . 4 1 9 . 1 
4 . 4 4, .4 •4.8 5 . 2 B.5 
2 . 6 2. • 6 2 . 6 2 . 6 1 . 8 
2 . 6 2. .6 2 . 6 2 . 6 2 * 6 
2 . 6 2, • 6 2 . 6 2 , 6 2 . 6 
2 . 5 i< .6 2 . 6 2 . 6 2 . 6 
2 . 6 2-• 6 2 . 6 2 . 6 2 . 6 
2 . 5 2, • 6 2 . 6 2 . 6 2 . 6 
2 . 5 2, >b 2 . 6 2 . 6 2 . 6 
2 . 6 2 , >6 2 . 6 2 . 6 2 . 6 
2 . 6 2, .5 2 . 6 2 . 6 2 . 6 
2 . 5 2, • 6 2 . 6 2 . 6 2 . 6 
2 . 6 2. • 6 2 . 6 2 . 6 2 . 5 
2 . 5 2, • 5 2 . 4 2 . 0 2 . 0 
2 . 0 2, »n 2 . 0 2 . 6 3 . 5 
2 . 6 2, >6 4 . 8 5 . 2 5 . 1 
8 . 7 9, .3 1 0 . 1 1 2 . 1 1 5 . 7 
1 9 . 1 1 9 , .5 2 0 . 0 2 2 . 6 2 5 . 2 
Exi t 1 2 3 4 
5um) ve r sus p o s i t i o n ( in u n i t s of .0 
= 0.35 m/s , V = 0 , T, „, = 40 C) sa ba th 
5 6 7 8 9 
3 1 . 3 4 0 . 9 5 0 . 5 6 0 . 9 7 1 . 4 
2 2 . 6 3 3 . 1 4 0 . 0 5 . ) . 5 6 0 . 9 
1 5 . 7 2 2 . 6 2 3 . 7 " 0 . 0 5 0 . 5 
8 . 5 I D . 7 1 9 . 1 2 9 . 6 t40.9 
4 . 8 6 . 1 1 2 . 2 2 2 . 6 3 3 . 1 
2 . 5 4 . 3 7 . 0 l r » . 7 2 6 . 1 
2 . 5 2 . 5 5 . 2 1 ? . 2 2 2 . 6 
2 . 5 ?.o 5 . 0 H.7 1 8 . 3 
2 . 5 • . 0 4 . 0 7 . 8 1 5 . 7 
2 . 5 2 . 0 4 . 0 7 . 0 1 5 . 7 
2 . 5 2 . 0 4 . 0 7 . 8 1 5 . 7 
2 . 5 2 . 0 5 . 0 K.7 1 8 . 3 
2 . 5 2 . 0 5 . 2 1 ? . 2 2 2 . 6 
2 . 0 4 . 0 7 . 0 1<>.7 2 6 . 1 
2 , 0 ^>.0 1 2 . 2 2 ? . 6 3 3 . 1 
4 . 8 8 . 7 1 9 . 1 2-^.6 4 0 . 9 
1 1 . 3 I D . 7 2 3 . 7 4 0 . 0 5 0 . 5 
1 9 . 1 2 3 . 5 4 0 . 0 5o.5 6 0 . 9 
2 9 , 6 3 3 . 1 5 0 . 5 6 0 . 9 7 1 . 4 
5 6 7 8 9 
Table F2. Film Thickness (in units of .025 urn) versus position 
(in units of .025 mm) (Fluid Nl, Load = 67N, P = 1.02 GPa, 
Vu = 0.7 m/s, V = 0, Tv _. = 40 C) b ' sa ' bath 
In le t 1 2 3 4 5 6 7 8 9 
2 5 . 0 2 6 . 1 2 9 . 6 3 0 . 5 3 3 . 1 3 9 . 2 H 3 . 5 5 7 . 4 6 * . 5 fil.8 9 
1 5 . 7 1 6 . 2 1 5 . 5 1 9 . 1 2 2 . 6 2 9 . 6 3 3 . 1 4 7 . 0 5 / . 4 7 1 . 4 8 
8 , 7 8 . 4 9 . 2 1 0 . 4 1 5 . 7 1 9 . 1 2 2 . 6 3 6 . 6 4 7 . 0 6 0 . 9 7 
3 . 5 3 . 5 4 . 4 5 . 2 R .7 1 2 . 2 1 7 . 0 2 6 . 1 3r>. 6 5 2 . 2 6 
3 . 5 3 . 5 3 . 5 3 . 5 5 . 2 3 . 7 1 2 . 2 1 9 . 1 2 9 . 6 4 3 . 5 5 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . 0 a.7 1 2 . 2 2 P . 6 3 6 . 6 4 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 5 . 2 3 . 7 1 9 . 1 ? 9 . 6 3 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 2 . 0 4 . 8 1 5 . 7 2 6 . 1 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 2 . 0 4 . 4 1 2 . 2 ? 2 . 6 1 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 2 . 0 4 . 4 rt.7 2 0 . 0 0 
3 . 5 3 . 5 3 . 5 3 . 5 ' 3 . 5 2 . 5 2 . 0 4 . 4 1 2 . 2 2 2 . 6 1 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 2 . 0 4 . 8 I S . 7 2 6 . 1 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 6 2 . 0 5 . 2 1 9 . 1 ? 9 . 6 3 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 2 . 5 3 . 5 3 . 7 2 2 . 6 3 6 . 6 4 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 <+.4 7 . 0 1 3 . 9 2-J.6 4 3 . 5 5 
3 . 5 3 . 5 3 . 5 3 . 3 5 . 0 7 . 0 1 2 . 2 1 3 . 3 3 b . 6 5 2 . 2 6 
3 . 0 3 . 0 5 . 2 7 . 8 8 . 7 1 2 . 2 I n . 5 2 6 . 1 4 7 . 0 6 0 . 9 7 
B .7 9 . 4 1 0 . 4 1 3 . 1 1 5 . 0 2 0 . 0 2 7 . 0 3 3 . 1 5 7 . 4 71*4* 8 
1 5 . 7 1 7 . 4 l t i . 3 2 0 . 9 2 5 . 1 2 9 . 5 37.»4 4 3 . 5 6 * . 0 fll.8 9 
Exit 1 2 3 4 5 6 7 8 9 
-O 
Table F3. Film Thickness (in uni ts of 0.025 um) versus Posit ion 
(in uni ts of 0.025 mm) (Fluid Nl, Load = 67N, P = 1.02 GPa, 
Vb - 1.39 » / s , V s a - 0, T f e a t h - 40 C) 
Inle t 1 2 3 4 5 6 7 8 9 
1 9 . 1 22.?i 2 3 . 0 2 3 . 7 3 2 . 2 3 6 . 6 1 0 . 0 5 1 . 0 5 5 . 7 6 1 . 1 9 
9 . 5 14 .0 1 5 . 7 l b . 5 2 1 . R 2 6 . 1 2'*. 5 1 3 . 5 1 6 . 1 5 1 . 0 8 
7 . 3 B . a h . 7 9 . 2 1 2 . 2 1 5 . 7 2 2 . 6 3 3 . 1 36 • 6 (43.5 7 
5 . 2 5 . 2 5 . 2 5 . 1 7 . 9 8 . 7 1 5 . 7 2 2 . 6 2 n . l 3 6 . 6 6 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 B . 7 1 5 . 7 1 9 . 1 2 9 . 6 5 
5 . 2 5 . 2 5 . 2 3 . 2 5 . 2 1 . 1 b . 2 9 . 7 1^.7 ? 2 . 6 4 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 5 . 2 1 ? . 2 1 9 . 1 3 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 2 . 6 rt.7 1 5 . 7 2 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 2 . 0 5 . 2 1 2 . 1 1 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 2 . 0 ^ . 2 1 2 . 1 0 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 2 . 0 5 . 2 1 2 . 1 1 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 5 5 . 0 rt.7 1 5 . 7 2 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 1 . 1 3 . 0 7 . 0 1 2 . 2 1 9 . 1 3 
5 . 2 5 . 2 5 . 2 5 . 2 5 . 2 3 . 5 5 . 2 8 . 7 I S . 7 2 2 . 6 4 
5 . 2 5 . 2 5 . 2 5 . 2 1 . 8 3 . 5 B . 7 1 5 . 7 1 9 . 1 2 9 . 6 5 
5 . 0 5 . 0 1 . 2 3 . 5 5 . 2 8 . 7 1 5 . 7 2 2 . 6 2 6 . 1 3 6 . 6 6 
5 . 2 5 . 1 7 . 3 B . 7 1 1 . 3 1 5 . 7 2 2 . 5 3 3 . 1 3 b . 6 1 3 . 5 7 
1 3 . 1 1 3 . 9 1 5 . 5 1 7 . 0 2 0 . 9 2 6 . 1 2 9 . 6 1 3 . 5 16*1 51*0 8 
2 2 . 5 2 2 . 6 2 3 . 5 2Q.7 3 3 . 1 3 6 . 6 1 0 . 0 5 1 . 0 5 5 . 7 6 1 . 1 9 
Exit 1 2 3 4 5 6 7 8 9 
Inlet 
Table F4. Film Thickness (in units of 0.025 pm) versus Position 
(in units of 0.025 mm) (Fluid Nl, Load = 67N, P = 1.02 GPa, 
V, = 2.54 m/s, V = 0, Tu „, = 40 C)
 H 
b sa bath 
2 0 . 0 2 1 , • 5 2 3 . 0 2 4 . 4 3 1 . 0 3 5 . 0 3 5 . 7 4 6 . 9 5 7 . 4 7 1 . 4 9 
1 4 . 5 14 , • 9 l b . 7 I B . 7 2 2 . 6 2 7 . 2 2 9 . 5 4 0 . 0 4 7 . 0 5 7 . 4 8 
9 . 6 8, • 7 8 . 7 1 2 . 2 1 4 . 8 1 9 . 1 2 ^ . 4 2 9 . 6 3r> • 6 4 8 . 7 7 
7 . 3 7, • 6 7 . 5 7 . 6 3 . 7 1 2 . 2 1 6 . 5 2 6 . 1 2 9 . 6 3 9 . 2 6 
7 . 0 7, • 3 7 . 5 7 . 6 7 . 8 B . 7 1 3 . 0 1 5 . 7 2 2 * 6 3 3 . 3 5 
7 . 1 7 , -8 7 . 2 6 . 6 5 . 1 5 . 2 B . 7 1 0 . 4 1 7 . 4 2 8 . 7 4 
7 . 0 7, .0 6 . B 6 . 5 6*1 5 . 2 5 . 2 8 . 7 1 5 . 7 2 2 . 6 3 
7 . 0 7< .0 5 . 8 5 . 5 5 . 1 5 . 2 5 . 2 4 . 4 1 1 . 3 2 1 * 2 2 
7 . 0 7, .0 6 . 8 6 . 5 6 . 1 5 . 2 5 . 2 3 . 5 9 . 6 2 0 . 0 1 
7 . 0 7, .0 D . B 6 . 5 D . l 5 . 2 5 . 2 3 . 5 ^ . 6 2 0 . 0 0 
7 . 0 7, • 0 b.B 6 . 5 6 . 1 5 . 2 5 . 2 3 . 8 9 . 6 2 0 . 0 1 
7 . 1 7, .1 6 . 3 5 . 6 5 . 1 5 . 2 2 . 5 4 . 8 11 . 3 2 1 . 2 2 
7 . 2 7, • 3 7 . 5 7 . 0 6 . 3 4. '4 2 . 5 7 . 8 I S . 7 ? 2 . 6 3 
7 . 7 7, • 8 B . 5 6 . 7 4 . 4 4 . 3 6 . 3 9 . 6 1 7 . 4 2 8 . 7 4 
8 . 7 3, • 7 3 . 7 4 . 9 5 . 2 B . 7 1 0 . 4 1 4 . 8 2 ? . 6 3 3 . 3 5 
5 . 2 4, . 8 3 . 4 6 . 0 R.7 1 2 . 2 1^ .7 1 9 . 1 2 9 . 6 3 9 . 2 6 
7 . 9 B, • 5 B . 7 1 4 . 5 I B . 3 2 3 . 5 2 0 . 9 2 4 . 4 3n • 6 4 8 . 7 7 
1^ .9 1 5 , .7 1 9 . 1 2 0 . 9 2 6 . 1 3 0 . 4 3 1 . 3 3 3 . 1 4 7 . 0 5 7 . 4 8 




Table F5. Film Thickness (in units of 0.025 urn) versus 
Position (in units of 0.025 mm) (Fluid Nl, 
Load - 67 N, P = 1.02 GPa, V = 5.08 m/s , 
V = 0, T, «, = 40 C sa ' b a t h 
I n l e t 1 2 3 4 5 6 7 8 9 
2 6 . 1 2 5 . 1 2 7 . B ^ 0 . 5 3 4 . 8 4 2 . 6 5 1 . 3 5 7 . 4 6 4 . 4 7 4 . 8 9 
17 . - l 1 3 . s 1 9 . 1 2 2 . 5 2 5 . 1 3 2 . 2 4 D . 9 4 7 . 0 5u.O 6 ^ . 4 8 
1 2 . 2 l 3 . > 1 2 . 2 I D . 7 l ? . l 2 3 . 5 3:.). 5 3 5 . 6 1*3.5 5 7 . ' * 7 
8 . 7 9 . s l u . ' + i 2 . 2 1 2 . 2 1 5 . 5 2,_,S ^ 9 . 6 3 o . 6 5 0 . 5 6 
B . 6 3 . 7 5 . 7 5 . 7 5 . 7 1 1 . 3 1 7 . 4 2 0 . 9 2- ) .6 4 5 . 1 5 
B . 5 8 . 5 5 . 5 B . 5 5 . 7 7 .B 1 2 . 2 1 5 . 7 2 n . l 4 0 . 9 4 
9 . 5 8 . 5 5 . 5 3 . 5 fl.6 7 . 0 s . 7 1 3 . 9 2 2 . 6 3 6 . 6 3 
8 . 5 8 . 5 B . 5 8 . 5 8 . 5 5 . 2 7 . 0 1 0 . U 1 9 . 1 3 2 . 2 2 
8 . 5 B . 5 6 . 5 B . 5 3 . 5 5 . 2 5 . 2 8 . 7 1 ^ . 3 ? 9 . 6 1 
8 . 5 8 . 5 B . 5 8 . 5 B . 5 5 . 2 5 . 2 B . 7 l r t . 3 2 9 . 6 0 
8 . 5 8 . 5 3 . 5 8 . 5 3 . 6 5 . 2 s . 2 8 . 7 1 M . 3 ? 9 . 6 1 
8 . 5 3 . 5 B . 5 8 . 6 3 . 7 5 . 2 5 . 2 1 0 . 4 1 9 . 1 3 2 . 2 2 
' 8 . 5 8 . 5 3 . 5 8 . 7 3 . 7 5 . 2 rV.7 1 3 . 9 2 2 . 6 3&.6 3 
8 . 6 8 . 5 B . 7 8 . 7 7 . 0 5 . 2 1 2 . 2 1 5 . 7 2 b . I 4 0 . 9 4 
8 . 7 8 . 7 7 . 8 5 . 2 5 . 2 7 . 0 1 7 . 4 2 0 . 9 2<J.6 1*6.1 5 
7 . 0 5 . 3 5 . 2 5 . 2 3 . 7 1 2 . 2 2 2 . 6 2 9 . 6 3 b . 6 5 0 . 5 6 
5 . 2 5 . 2 7 . 0 8 . 7 1 5 . 7 1 9 . 1 3 0 . 5 3 5 . 6 1*3.5 5 7 . 4 7 
1 0 . 4 1 0 . 4 1 2 . 2 1 5 . 7 2 2 . 6 2 9 . 6 4 0 . 9 4 7 . 0 5 ^ . 0 6 ^ . 4 8 
1 9 . 1 1 9 . 1 2 0 . 0 2 2 . 6 2 9 . 6 4 0 . 0 5 1 . 3 5 7 . 4 6 4 . 4 7 4 . 8 9 




Table F6. Film Thickness (in Units of 0.025 Mm) versus Position 
(in units of 0.025 mm) (Fluid Nl, Load = 67 N, P = 1.02 GPa, 
Vu = 12.7 m/s, V = 0, T, „, = 40 C) b sa ' bath 
In le t 1 2 3 4 5 6 7 8 9 
2 1 . 8 2 6 . 3 2 8 . 1 3 1 . 0 3 7 . 3 1 3 . 6 1 5 . 9 5 1 . 2 5 9 . 9 7 1 . 1 9 
1 9 . 9 2 1 . 9 2 2 . 6 2 6 . 1 2 7 . 6 3 3 . 8 3 5 . 7 1 5 . 9 1 ^ . 7 5 9 . 1 8 
1 6 . 7 1 8 . 1 l b . 5 2 2 . 1 2 3 . 0 2 1 . 1 3 0 . 6 3 6 . 0 3 ^ . 1 5 2 . 3 7 
H . 9 1 6 . 0 l b . 5 1 9 . 1 1 5 . 2 1 7 . 6 2 1 . 9 3 2 . 8 3.1.7 1 5 . 1 6 
1 3 . 9 1 1 . 9 1 1 . b 1 1 . 7 1 1 . 1 1 3 . 0 2 2 . 3 2 2 . 2 2 n . 6 1 1 . 7 5 
1 3 . 9 1 1 . 6 1 1 . 0 1 3 . 5 1 3 . 1 1 0 . 2 1 3 . 9 1 7 . 0 2-4.6 3 7 . b 4 
1 5 . 2 1 3 . g 1 3 . 5 1 3 . 2 1 2 . 9 1 0 . 2 1 0 . 7 1 5 . 0 2 2 . 5 3 2 . 0 3 
1 3 . 8 1 3 . 8 1 3 . 6 1 3 . 2 1 ? . 8 7 . 8 1 1 . 2 7 . 7 l . s . 3 ? 9 . 9 2 
1 3 . 8 1 3 . * 1 3 . 6 1 3 . 2 1 2 . 9 7 . 8 B . 6 6 . 2 1 >.8 2 7 . 9 1 
1 3 . 8 1 3 . 3 1 3 . 6 1 3 . 2 1 2 . 9 7 . 8 8 . 6 6 . 2 1 7 . 1 ? 8 . 1 0 
1 3 . 8 1 3 . R 1 3 . 6 1 3 . 2 1 2 . 9 7 . 8 8 . 6 6 . 5 I s . 8 2 7 . 9 1 
1 3 . 9 1 3 . 9 1 3 . 6 l 3 . 5 1 3 . 1 7 . 8 b . 9 9 . 3 1H.3 ? 9 . 9 2 
1 1 . o 1 1 . 1 1 1 . 3 1 1 . 1 1 3 . 3 7 . 2 9 . 1 1 6 . 2 2 2 . 5 3 2 . 0 3 
H . 6 1 1 . 6 1 5 . 6 1 5 . 7 9 . 3 8 . 0 1 5 . 1 1 7 . 1 2 1 . 6 3 7 . 6 4 
1 6 . 0 1 6 . 0 1 1 . 9 8 . 1 9 . 6 1 3 . 1 2 3 . 6 2 2 . 5 2 n . 6 1 1 . 7 5 
1 1 . 2 1 0 . 5 b . 7 7 . 6 1 3 . 0 1 9 . 2 2 9 . 7 2 9 . 2 3 3 . 7 1 5 . 1 6 
9 . 7 1 0 . 5 1 0 . 0 1 1 . 3 2 7 . 1 2 7 . 9 3 5 . 1 3 1 . 1 3 9 . 1 5 2 . 3 7 
1 1 . 7 1 1 . 7 1 7 . 9 2 1 . 3 2 9 . 9 3 8 . 0 1 5 . 8 1 3 . 6 1->.7 5 9 . 1 8 
2 2 . 1 2 2 . 9 2 1 . 5 2 8 . 5 3 5 . 1 1 7 . 2 5 7 . 5 5 1 . 1 5 9 . 9 7 1 . 1 9 




Table F7. Film Thickness (in units of 0.025 ym) versus Position 
(in units of 0.025 mm) (Fluid Nl, Load = 215 N, P = 1.51 GPa, 
Vv = .7 ni/s, V = 0, T w = 40 C) b ' sa ' bath y 
I n l e t 1 2 3 4 5 6 7 8 9 10 11 12 
4 . 4 4 . 4 0 . ^ J . ' I 6 . 1 H . 7 1 7 . 9 l ° . l 2 u . 4 . 3 3 . 1 4 3 . 5 5 0 . 5 6 n . ^ 12 
3.15 3 . 5 3 . l i . i . ! i 4.<J 5 . 2 7 . 0 i n . 4 1 5 . 7 ? 4 . 4 3 3 . 1 4 0 . i l 5 0 . 5 11 
2 . 6 2 . 6 2 . 6 < . _ . < • 3 . 5 4 . 4 4 . 4 6 . 1 M . 7 1 5 . 7 2 2 . 6 2 9 . h 4 0 . 0 10 
2 . 6 2 . 6 2 . 0 2 . f . 2 . 6 2 . 6 3 . 5 4 . 4 o . l 8 . 7 1 5 . 7 2 2 . 0 2 O . 0 9 
2 . b 2 . 6 2 . CJ C • M 2 . 0 2 . f t 2 . 6 2 . 6 H . 4 5.ci H . 7 1 5 . 7 2 2 . 6 8 
? . o 2 . u 2 . D 2.t 2 . 6 2 . 6 2 . 6 2 . 6 ^ . 6 3 . 5 5 . 2 8 . 7 1 7 . 4 7 
2 . 6 2 . 6 2 . 0 2 ..'-. 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . o 3 . 5 6 . 1 1 2 . 2 6 
? . u ? . o ,' • "> t. • ' 2 . ^ 2 . ft 2 . 6 2 . 6 ^ . 6 2 . . ) 2 . 6 5 . 2 P . 7 5 
4 2 . 6 2 . 6 2 . b « . . " i 2 . 0 2 , ft ? . o 2 . 6 > . 6 2 . b 2 . 6 3 . 5 6 . 1 
.?.b 2 . b 2 . 0 2 . A 2 . 6 2 . f t 2 . ft 2 . 6 2 . 6 2 . b 2 . 6 2 . n 5 . ? 3 
2 . 6 2 . 6 2 . 6 2 . •'•. 2 . 6 2 . 6 2 . 6 2 . 6 > . 6 2 . a 2 . 6 2 . 0 * • * * 2 
2.fa 2 . 6 2 . 6 <*.-. 2 . 6 2 . 0 2 . 6 2 . 6 ? . 6 2 . b 2 . 6 2 . 0 ? . o 1 
2 . 6 2 . 6 2 . 6 2 . " 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 ? . h 2 . 6 o 2 . 6 2 . b 2 . 6 d.r, 2 . 6 2 . 6 2 . 6 2 . 6 ^ . 6 2 . 6 2 . 6 ? . o 2 . 6 1 
2 . 6 2 . 6 2 . 0 2 . •-, 2 . 6 2 . 6 2 . 6 2 . 6 P . 6 2 . b 2 . 6 2 . 6 3 . 5 2 
2 . 6 2 . 6 2 . 0 2 . ' . 2 . 6 2 . f t ? . 6 2 . 6 •>.6 2 . o 2 . 6 2 . h ^ . ? 3 
2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . o 2 . 6 3 . s 6 . 1 4 
2 . 6 2 . 6 2 . 6 2 . 0 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 5 . 2 P . 7 5 
6 
7 
2 . 6 2 . 6 2 . 6 2 . 0 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 2 . 6 3 . 5 6 . 1 1 2 . 3 
2 . 6 2 . 6 2 . 6 2 . ' 2 . 6 2 . 6 2 . 6 2 . 6 ^».6 3 . 5 5 . 2 B . 7 1 7 . 4 
2 . o 2 . 6 2 . 6 ' 2 . 0 2 . 6 2 . 6 ? . 6 2 . 6 4 . 4 5 . 2 t U 7 1 5 . 7 2 2 . 6 8 
2 . 6 2 . 6 2 . 0 <d.O 2 . 6 2 . f t 3 . 5 4 . 4 6 . 1 8 . 7 1 5 . 7 2 2 . b 2 Q . 6 9 
2 . 6 2 . 6 2 . 6 2 . 0 3 . 5 4 . 4 4 . 4 6 . 1 M . 7 1 5 . 7 2 2 . 6 2 9 . h 4 0 . 0 10 
3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . ? 7 . 0 1 0 . 4 1 5 . 7 2 4 . 4 3 3 . 1 4 0 . 0 5 0 . 5 11 
4 . 4 4 . 4 5 . 2 b . 5 6 . 1 8 . 7 1 3 . 9 1 9 . 1 2 4 . 4 3 3 . 1 4 3 . 5 5 0 . 5 6 0 . 9 12 
Exi t 1 2 3 4 5 6 7 8 9 10 11 12 
Table F8. Film Thickness (in units of 0.025 ym) versus Position 
(in unots of 0.025 mm) (Fluid Nl, Load = 215N, P = 1.51 
GPa, V, =1.39 m/s, V = 0, T, ,, = 40 C) b ' sa bath 
In le t 1 2 3 4 5 6 7 8 9 10 11 12 
c. > 5 • tJ- ••. . 2 (>. ! ( i . 7 1 1 . 3 1 3 . 0 1 9 . 1 2 S . 5 ? 9 . b 3 6 . 6 5 n . j, 6 0 . 9 12 
4 . 4 ' « . M \.n 4 . 5 ' . . ? f . l a . 7 1 0 . 4 1 5 . 7 p l . t i 2 4 . 4 4 0 . 0 5 0 . 5 11 
3 . l > S . - > ' . . 5 3 . 5 4 . 4 5 . 2 5 . 2 6 . 1 , u 7 1 3 . 1 1 7 . 4 2 9 . 6 41 . 0 10 
3 . 5 3 . 5 3 . 5 J . 5 3 . 5 3 . 5 4 . 4 4 . 4 , . 2 7 . 6 1 2 . 2 2 0 . 9 3 3 . 1 9 
3 . 5 3 . 5 1 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . 2 a . 7 1 3 . 9 2 6 . 1 8 
3 . 5 3 . 5 3.. 5 J . i 3 . 5 3 . 5 3 . 5 3 . 5 ^ . 5 4 . 4 5 . 2 7 . 8 1 7 . 4 7 
3 . 5 3 . 5 3 . 5 3 . 3 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . 2 1 2 . 2 6 
3 . 5 "< 5 3 - 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 A . 5 3 . 5 3 . 5 4 . 4 0 . 7 5 
3 . 5 3 .^> 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . 2 4 
3 . 5 t . .-,.5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 > . 5 3 . 5 3 . 5 3 . 5 4 . 4 3 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 S . 5 3 . 5 3 . 5 3 . 5 U . 4 2 
3 . 5 3 . 5 :s. 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 S . 5 3 . 5 3 . 5 5 . 5 7 . 5 1 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 0 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 s . 5 3 . 5 3 . 5 3 . 5 3 . ^ 1 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . * , 3 . 5 3 . 5 .^.5 3 . 5 3 . 5 3 . 5 4 . 4 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 S . 5 3 . 5 3 . 5 3 . 5 4 . 4 3 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . 2 4 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 <4.4 0 . 7 5 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . 2 1 2 . 2 6 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 ^ . 5 3 . 5 W 5 4 . 4 5 . 2 7 . 8 1 7 . 4 7 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . 2 8 . 7 1 3 . 9 2 6 . 1 8 
3 . 5 3 . 5 3.-5 3 . 5 3 . 5 3 . 5 4 . 4 4 . 4 5 . 2 7 . t i 1 2 . 2 2 0 . 9 3 3 . 1 9 
3 . 5 3 . 5 3 . 5 3 . 5 4.<i 5 . 2 5 . 2 6 . 1 a . 7 1 3 . 1 1 7 . 4 2 9 . 6 41 . 0 10 
4 . 4 4 . 4 4 . 4 ' • . 5 5 . 2 6 . 1 fl.7 1 0 . 4 1 5 . 7 ? l . a 2 4 . 4 4 0 . G 5 0 . 5 11 
5 . 2 5 . 2 5 . 2 6 . 1 M . 7 H . 3 1 3 . 9 1 9 . 1 2 3 . 5 ? 9 . 6 3 6 . 6 5 0 . 5 6 0 . 9 12 




Table F9. Film Thickness (in units of 0.025 um) versus Position 
(in units of 0.025 mm) Fluid Nl, Load - 215N, P = 1.51 
GPa, V, = 2.54 m/s, V « 0, T, = 40 C) 
b sa bath 
Inlet 8 10 11 12 
5 . 2 5 . 2 5 . 5 5 . i 7 . tf 9 . 6 14 . f i < j l . 8 2 7 . 0 3 3 . 1 4 3 . 5 5 0 . 5 6 0 - 9 
'4.*+ 4 . 4 4 . 4 4.-'l i*. 5 5 . 2 H.7 1 3 . 9 1 9 . 1 ? 2 . f t 3 3 . 1 4 3 . 5 5 2 . 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 7 . 0 1.1.4 1 5 . 7 2 4 . 4 3 6 . 6 4 7 . 5 
3 . 5 3 . 5 3 . 5 3 . '•: 3 . 5 3 . 5 3 . 5 4 . 4 6 . 1 1 1 . 3 1 9 . 1 2 9 . 6 3 6 . 6 
3 . 5 3 . 5 . . . 5 J . !, 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . 2 1 3 . 1 2 0 . 9 2 " . 6 
3 . 5 3 . 5 3 . 5 5 . ' • 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 6 . 7 10. i* 2 2 . 6 
3 . 5 3 . 5 3 • 5 o . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 6 . 1 1 5 . 7 
3 . 5 3 . 5 3 . 5 3 . c : 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 o.f, 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 .1* 5 . 2 
3 . 5 3 . 5 :\.r' ^ • 5 3 . 5 3 . 5 3 . ^ 3 . 5 \ . 5 3 . 5 3 . 5 3 . 5 5 . 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 
3 . 5 3 . 5 i • i 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 
3 . 5 3 . 5 3 . 5 3 . - j 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 "^.5 '1.4 
3 . 5 3 . 5 3 . 5 j . S 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 
3 . 5 3 . 5 3 . 5 5 . 'J 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 a. 4 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . ? 
3 . 5 3 . 5 3 - •-> 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 5 . 2 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 -*.5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 o . 6 
3 . 5 3 . 5 3 . 5 J . 5 3 . 5 3 . 5 3 . 5 3 . 5 S .5 3 . 5 4 . 4 6 . 1 1 5 . 7 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 H . 7 1 0 . 4 2 2 . 6 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 5 . 2 1 3 . 1 2 0 . 9 2 9 . 6 
3 . 5 3 . 5 3 . 5 5 . 5 3 . 5 3 . 5 3 . 5 4 . 4 6 . 1 1 1 . 3 1 9 . 1 2 9 . ft 3 6 . 6 
3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 3 . 5 4 . 4 7 . 8 i n . 4 1 5 . 7 2 4 . 4 3 6 . b 4 3 . 5 
4 . 4 4 . 4 4 . 4 4 . 4 4 . 5 5 . 0 f . 7 1 3 . 9 1 9 . 1 ? 2 . 6 3 3 . 1 4 3 . 5 5 2 . 2 





























Table Gl. Ball Surface Temperature (C) versus Position (in units of .025 mm) (Fluid Nl, 
Load - 67N, Pu = 1.02 GPa, V = .35 m/s, V = 0, 
H sa 
Tbath " 4 0 C ) 
INLET 
4 4 . 7 6 
44 .66 
44 .34 
4 5 . 5 7 
4 7 . 5 8 
5 0 . 8 9 
5 4 . 5 4 
5 8 . 8 4 
6 3 . 1 9 
o 9 . 9 6 
7 2 . 1 4 
7 4 . 2 1 
7 5 . 5 4 
7 6 . 1 1 
76 .02 
7 4 . 6 5 
7 2 . 4 0 
6 9 . 5 9 
* 2 - 7 l 
4 2 . 5 6 





5t i .73 
6J .40 
4 2 . 5 } 
4 ^ . 1 3 
^ 2 . 3 1 
4 4 . 5 5 
4 7 . 7 1 
5 1 . 7 3 
5 5 . 7 3 
6 0 . 1 5 





4 6 . 5 5 




4 4 . 7 8 
44 ,42 
43 .84 
4 3 . 7 7 
4 4 . 4 8 
4 5 . 6 8 
4 7 . 4 4 
4 9 . 8 0 







7 1 . 0 6 
6 6 . 3 3 
6 5 . 3 2 
7 0 . 4 4 
7 1 . 9 8 
7 2 . 3 1 
7 2 . 2 0 
7 0 . ^ 9 




6 6 . 9 0 
6 8 . 8 6 
6 9 . 7 8 
6 9 . 5 3 
6 8 . 5 3 
6 6 - 2 1 
6 3 . 4 4 
5 9 . 9 4 
5 6 . 5 1 
5 9 . 5 0 
6 2 . 1 7 
6 4 . 0 3 
6 5 . 2 4 
5 5 . 8 8 
6 5 . 0 9 
6 3 . 8 3 
6 1 . 6 1 








































4 4 . 3 6 
4 3 . 1 8 
3 8 . 5 6 
4 1 . 8 2 
4 4 . 8 3 
4 5 . 7 1 
4 7 . 4 3 
4 4 . 4 2 
4 4 . 1 1 
4 3 . 6 5 
4 2 . 7 5 
4 0 . 5 5 
4 1 . 4 1 
4 2 . 5 3 
42 .86 
4 3 . 6 3 
5 0 . 7 6 
5 2 . 1 0 
5 3 . 1 6 
53 .30 
5 2 . 5 5 
50 .50 
4 8 . 9 0 
4 6 . 9 3 
4 4 . 9 7 
4 4 . 8 1 
4 5 . 5 7 
4 6 . 3 0 
4 6 . 3 5 
46 .02 
4 4 . 8 5 
4 3 . 9 7 
4 2 . 7 6 






































4 3 . 0 4 
4 2 . 5 4 
4 1 . 7 8 
3 9 . 9 1 
39 .60 
3 9 . 0 8 
4 1 . 4 9 6 
4 1 . 2 1 5 
4 0 . 1 9 4 






















Table G2. Fluid Temperature (C) versus Position (in units of .025 mm) 
V, (Fluid Nl, Load = 67N, P = 1.02 GPa, 
Tbath " 4 0 C> 
= .35 m/s, V = 0, sa 
nLET 
1 2 4 . 0 8 U i 
1 4 5 . 0 3 141 
l u 5 . 4 0 157 
l t l l . 5 2 l ? u 
l b l . 5 2 W b 
1 L > 1 . 7 3 177 
1 8 2 . 1 1 177 
1 8 3 . 3 0 179 
i c i 6 . 3 2 181 
















96 . n 
4l0.b7 
130.05 
55 161.25 151.80 
02 165.88 154.07 
20 164.47 154.06 
64 164.84 154.72 
14 16b.20 i55.57 
01 16b.01 i56.27 
62 167.75 157.99 
93 169.78 160.79 
06 171.98 152.82 
4ft 174.01 164.67 
58 17b.23 166.74 
37 179.79 176.04 
89 186.13 169.47 
71 159.68 149.49 
92 136.84 125.2* 















8 7 . 2 3 
9 1 . 2 1 







8 1 , 0 6 
8 5 . 4 5 






















9 5 . 4 8 





1 0 0 . 8 7 90 
1 1 2 . 4 2 96 
1 2 6 . 3 4 105 
1 3 3 . 9 4 111 
1 3 5 . 4 4 1?0 
1 4 1 . 5 1 123 




59.46 160.8U 140.92 127.34 lf)8 
56.79 162.05 136.60 113,86 loO 



















46 83.72 6 
23 88.24 5 
23 93.76 4 










8 4 . 3 4 
7 9 . 4 7 















Table G3. Ball Surface Temperature (C) versus Position (in units 
of .025 mm) (Fluid Nl, Load = 67N, P = 1.02 GPa, V = .7 m/s, 
V
E a • °>
 Tbath "
 4 Q « 
-4-6^92 ^ ^ - 6 4 — 4 6 , 8 3 4 5 . 7 8 4 6 . 2 0 
46 .49 ^7 .42 4. ) #45 4 5 . 9 3 4 6 . 3 5 



















i*7.51 4b. 08 -4o. 56 45.52 45.99 
5 0 . 4 2 4 9 . 1 5 4 7 . 5 7 4 6 . 8 3 4 6 . 5 7 
-bi^fiQ tuui}$ 51 . .7b - 5 1 . 1 9 . 4 8 . 6 7 
4 4 . 9 4 4 2 . 5 0 4 3 . 4 4 4 5 . 3 b 4 5 . 4 4 b 
4 4 . 9 4 4 2 . 3 9 4 3 . 4 3 4 4 . 9 8 4 3 . 9 8 5 
4 b . 3 0 4 2 . 7 8 4 3 . 9 0 4 5 . 0 7 4 3 . 4 8 4 
J>2. 37 — 5 9 . 2 * __5a.59 5 7 . 6 0 
69 .44 6 4 . 9 9 6?>.69 6 4 . l 5 
7 5 . 7 8 . - 7 0 . 7 2 - 7 2 . 7 4 70 .43 
5 3 . 4 7 4 a . 4 7 
5 7 . 8 3 5 ? . 4 9 
6 2 . 7 6 5 6 . 7 o 
4 4 . 4 5 4 4 . 2 9 4 5 . 0 6 4 3 . 9 4 3 
4 7 . 3 2 4 4 . 7 6 4 4 . 2 5 4 3 . 5 3 2 
5 0 . 6 6 4 5 . b B 4 3 . 1 5 4 3 . 0 4 1 
_&2^<90 8 , U * 7 7 ^ , 9 0 7 5 . 6 3 6 8 . 7 1 6 1 . 4 7 5 3 . 8 1 4 7 . 1 1 4 3 . 3 7 4 3 . 0 7 i* Z. 
8 8 . 6 7 8 / . 9 1 8 4 . 9 1 
9 2 . 3 1 9 1 . 7 6 8 9 . 1 3 
9 4 . 7 1 ^ 4 . 6 7 - 9 2 . 1 7 
-aS^-bJ. 3Lb*-44-
9 4 . 8 6 9 b . 3 7 
9 3 . 1 5 9 3 . 8 3 
-93„7o 
9 3 . 5 9 
9 1 . 5 1 
8 1 . 1 4 7 4 . 2 8 6 6 . 2 4 
8 5 . 0 6 7 8 . 7 3 7 i , . 6 b 
8 7 . 9 6 8 1 . 4 8 7.3.62 
8 9 . 5 3 — 8 2 . 6 3 -7s.Oil 
88 .94 8 2 . 4 0 74 .9b 
8 6 . 6 6 3 0 . 0 0 7? .92 
5 7 . 7 8 4 9 . 8 2 4 4 . 5 6 
6 1 . 2 6 52.U7 45 .44 
6 3 . 8 6 5 3 . 4 5 4 5 . 6 7 
6 5 . 0 6 5 4 . 5 6 - 4 6 . 6 5 
6 4 . 7 8 5 4 . 8 4 4 7 . 4 8 
6 3 . 4 0 5 4 . 1 3 4 7 . 3 2 
4 3 . 0 6 1 
4 3 . 0 5 2 
4 3 . 0 6 3 
4 3 . 0 6 4 
43 .06 5 
43 .07 b 
8 9 . 2 0 3 9 . 7 2 8 7 . 0 4 
8 3 . 6 1 8 4 . 5 * 8 1 . 9 9 
. Z H ^ O /9*QQ 7 6 . 7 3 
83.04-77.48 7n.27 
78.60 73.82 66.91 




47.21 43.02 7 
46.b5 43.52 8 
46.09- 44.6a 9 
EXIT 
Table G4. Fluid Temperature (C) versus Position (in units of .025 ram) 
(Fluid Nl, Load = 67N, Pu = 1.02 GPa, 
ti 
Vu = .7 m/s , V = 0, b sa 
T, = 40 C) 
b.ath 
I M L E T 
- i u 3 . 6 2 10b 
U 3 . 1 5 H J 
1 2 7 , 4 2 131 
1 5 1 . 2 b 157 
152-92 15^ 
i 5 7 t ^ 4 loU 
J u l #11 lod 
i b 4 . 0 5 lb4 
1^5.20 157 
_ la f t . .42_ lb£ 
1 5 9 . 0 3 171 




172.32 17 j, 
173.35 174 
141.21 139 










62 1 5 4 . 2 7 
2fl 1 5 5 . 0 5 
19 1 5 ! J . 8 B 
75 .43 
3 5 . 1 3 






















1 7 h . 6 3 
13i i .24 
1 8 ^ . 0 0 
1 0 7 . 7 3 
U 3 . 9 3 







8 7 . 7 9 
9 1 . 8 9 


















U 7 . 5 9 
1 0 2 . 5 4 
.-.^i.M 
1 5 1 . 3 9 
1 5 4 . 8 9 
156 .30 
155 .90 
1 5 2 . 5 9 
1 3 8 . 5 7 
121 .14 
1 0 1 . 0 8 
- 3 7 . 1 2 
18IS.15 
1 8 , . 4 7 

































































34 9 3 . 6 1 C£N4T£P. LIME 
90 .90 
3 7 . 0 5 






6 3 . 9 8 
E X I T N3 
C^ 
O 
Table G5. Ba l l Surface Temperature (C) ve rsus P o s i t i o n ( in u n i t s of 0.025 mm) 
(F lu id Nl, Load = 67N, Pu = 1.02 GPa, 
n 
V, = 1.39 m/s , V = 0, 
sa 
T ba th - 4 0 C ) 
INLET 8 
5 3 . 6 1 - 5 2 . 8 4 
5 3 . 6 2 5 2 . 9 4 
5 1 . 5 3 5 3 . 4 1 
5 2 . 7 5 — 5 2 781 5 ^ . 8 1 ~ 5 1 ^ 7 B I — 5 2 7 B 5 ~ 5 2 7 8 2 " 52i"26"~51.72 9 
5 2 . 7 6 5 2 . 8 0 5 2 . 8 1 5 ? . 8 1 5 2 . 8 5 5 2 . 8 2 5 2 . 2 6 5 1 . 7 2 b 
5 2 . 7 7 5 2 . 7 1 " 5 2 . 7 9 5 P . B 1 5 2 . 8 5 5 2 . 8 2 5 2 . 2 6 5 1 . 7 2 7 
5 5 . 9 1 5 4 . 2 4 5 3 . 0 0 5 2 . 7 1 5 2 . 7 6 
5 8 . 7 4 5 b . 9 0 5 4 . 9 2 5 4 . 1 1 5 3 . 6 3 
6 3 . 2 6 " 6i."30 5 9 . 1 1 ~577~59—557 97 
7 0 . 4 9 6 8 . 3 4 6 5 . 1 2 
7 8 . 9 1 7 / . 0 9 7 3 . 4 8 
3 8 . 6 1 3 0 . 6 8 8 3 . 0 2 
6 1 . 9 5 5B.33 
6 9 . 1 1 6 3 . 9 2 
78 .20 7 1 . 3 7 
5 ? . 7 h 5 2 . 8 3 5 2 . 8 2 5 2 . 2 6 5 1 . 7 2 6 
5 3 . 0 4 5 2 . 9 0 5 2 . 8 2 5 2 . 2 4 5 1 . 7 2 5 
5 i T . 2 3 " " 5 3 7 2 9 ~ 5 2 . 8 2 - 5 2 7 1 9 " 5 1 . 7 2 " 4 
5 5 . 6 b 5 4 . 0 5 5 3 . 0 6 5 2 . 1 9 5 1 . 6 5 3 
59.OH 5 5 . 9 8 5 3 . 8 8 5 2 . 2 0 5 1 . 4 3 2 
6 4 . 3 6 "59.34 "" 5 5 . 3 0 5 2 . 2 3 5 1 . 0 6 1 
9773B"95761"'9"2."0lf~ 156725—TB.03"69794—65721~57.~S6 52778" " 5 1 . 0 3 CEMTER"tf NE' 
1 0 1 . 5 2 1 0 2 . 8 9 9 8 . 9 3 9 2 . 9 2 8 4 . 9 0 7 5 . 8 0 
1 1 0 . 5 3 1 0 6 . 9 5 1 0 4 . 7 1 9 3 . 1 1 9 0 . 1 3 Bi_._05 
1 H . 8 7 1 1 3 . 2 3 1 0 9 . 0 9 1 0 2 . 6 1 9 1 . 3 8 8 4 . 5 4 
1 1 7 a 2 ~ l 1574B"l'l'I7TZ IT) 1 7 6 5 — 9 5 7 I F 
H 7 . 2 9 H D . 8 0 1 1 1 . 6 2 1 0 5 . 1 2 9 6 . 6 6 
U 5 . 4 5 H 4 . 3 3 1 1 0 . 6 9 1 0 4 . 1 0 " 9 5 . 1 6 
1 1 1 . 3 3 1 1 0 . 1 3 
1 0 5 . 8 1 1 0 5 . 5 5 
1U0.14-~997&T 
1 0 7 . 2 6 1 0 0 . 9 8 9 2 . 2 6 
1 0 2 . 7 4 9 6 . 9 1 8 8 . 5 8 
~^7735~~92731—ETC7B3 
6 7 . 2 3 6 0 . 1 3 5 1 . 1 6 
7 1 . 5 1 6 2 . 8 7 5 5 . 2 1 
7 1 . 3 8 6 4 . 7 0 5 5 . 6 9 
5 1 . 1 6 
5 1 . 1 7 
5 0 . 9 2 
B6 .23 "75737 6 4 ; S B " 55742 
8 5 . 2 4 7 5 . 1 3 6 4 . 3 9 5 5 . 2 2 
B~4.~66~ 7 3 . 8 2 6 3 . 5 6 51 -96 
6 T . 7 7 - 7 1 . 1 7 6 1 . 8 7 " 5 l . i a 
7f l .31 6 8 . 2 3 5 9 . 8 9 5 3 . 7 5 











5371 i' 5 0 . 9 9 
t X T T M 
Table G6. F lu id Temperature (C) versus Pos i t i on ( in u n i t s of 0.025 mm) (Fluid Nl , 
Load = 67N, Pu = 1.02 GPa, 
H 
Vu = 1.39 m / s , V 
sa = °>
 Tbath " 4 0 C > 
INLET 
105T63 102.-44-101.96 94 700" 
122.73 113.B7 110.52 106.22 
127.62 125.42 124.28 121.17 
137.59 137.62 137.67 131.05 
135.53 13b.46 136.91 133.96 
131755 133.65 134.87 132V01 
130.47 131.95 131.12 128799 
139.19 l<*i.70 138.47 129.13 










l l n . 4 0 
12f t .97 
131717-
1 2 7 . 2 5 
1 2 3 . 1 9 
1 2 5 . 0 5 
"917-92 
9 7 . 2 1 
1 0 2 . 2 7 
1087 76 
1 2 1 . 3 9 













1 3 7 . 1 0 H 2 
1 5 6 . 9 3 120 
1 6 8 . 42 135 
1 5 5 7 9 9 1587B0 156 ;2"5"147703-*! 2 9 7 5 3 1 3 5 . B 5 ~ T 5 2 . S 5 1 7 2 7 3 5 - 1 3 5 
1 6 0 . 6 8 1 6 2 . 5 2 1 6 1 . 4 4 1 5 3 . 0 ^ 1 3 3 . 9 7 1 3 f t . 6 b 1 5 6 . 1 8 
1 6 4 , 4 9 1 6 6 . 4 8 1 6 4 . 8 4 1 5 6 . 3 6 1 3 7 . 8 3 1 4 i . 3 f ) 1 5 6 . 8 7 
1 6 8 . 5 9 1 7 Q . 4 7 1 6 7 . 7 2 1 5 9 . 4 7 1 4 4 . 0 1 1 4 ^ . 2 7 1 6 1 . 6 1 
1 7 3 . 0 8 136 
1 4 5 . 7 B 122 
1 3 6 . 0 1 l l 3 
- 1 7 0 . 7 0 1717B3"* 1 6 8 . 3 7 1 5 1 7 1 3 ~ 1 5 0 7 9 5 T5<~f727~l43.17 T 3 0 . B 7 1 0 B 
1 7 0 . 4 9 1 7 0 . 9 7 1 6 d . 3 1 1 6 2 . 2 2 1 5 7 . 6 5 1 6 3 . 0 6 1 3 3 . 1 3 1 1 4 . 9 1 l o 3 
1 6 9 . 0 4 1 7 0 . 5 4 1 7 4 . 0 6 1 7 4 . 1 7 1 5 8 . 6 1 1 3 9 . 0 B 1 1 5 . 1 8 1 0 4 . 5 8 96 
1 6 2 . 3 9 1 6 0 . 3 0 1 5 2 . 3 9 1 4 3 . 7 1 a 3 6 . 5 8 1 2 4 . 7 l - l 0 6 . 3 5 9 6 . 5 6 90 
1 3 2 . 2 4 1 3 2 . 9 3 1 2 7 . 5 9 1 1 9 . 7 7 1 1 8 . 5 3 1 1 ? . 0 0 1 0 0 . 6 7 9 1 . 6 8 fl5 







7 5 . 7 6 
7 8 . 1 8 
8 0 . 4 9 
06 8 2 . 5 B 
67 8 5 . 3 6 
22 8 9 . 5 9 
23 9 3 . 5 7 3 
95 9 7 . 6 9 2 
26 1 0 3 . 0 0 1 
97 102 .57 C^MTES LXNiE" 
1 0 2 . 2 8 
96 .2 1 * 
9 2 . 7 8 
04 ~ B 9 . 2 3 
67 8 4 . 6 7 








Table G7. Ball Surface Temperature (C) versus Position (in units of 0.025 mm) 
(Fluid Nl, Load = 67N, PTT = 1.02 GPa, V u = 2,54 m/s, V = 0, \ tU = 40 C) ' H b sa ' bath 
INLET I a 3 4 5 b 7 8 9 
5 5 . 7 9 
5 5 . 9 7 
5 7 . 2 6 
3 5 . 3 4 
3 5 . 6 1 
5 o . 5 2 
5 5 . 2 6 
5 5 . 7 2 
5 6 . 3 7 
5 6 . 4 0 
5 6 . 5 3 
5 6 . 9 6 
5 6 . 7 2 
5 6 . 7 1 
5 7 . 5 5 
5 b . 49 
5b .6u 
5 7 . 6 0 
5 3 . 3 3 
5 8 . 5 3 
5 9 . 0 5 
6 0 . 1 3 
5 9 . 7 8 
5 9 . 0 2 
5 6 . 4 0 
5 5 . 1 3 
5 5 . 0 7 
5 2 . 1 5 





5 1 . 5 4 
53 .40 
7 7 . 2 3 
5 9 . 2 9 
6 4 . 0 5 
7 1 . 2 9 
5 7 . 7 3 
5 9 . 1 0 
6 2 . 5 7 
5 8 . 2 6 
5 9 . 0 5 
6 3 . 2 1 
5 9 . 0 5 
6 1 . 1 3 
6 5 . 6 2 
5H.6 7 
5 9 . 5 4 
6 ? . 9 1 
5 9 . 3 3 
b 0 . 2 2 
6 2 . 5 5 
6 0 . 2 5 
6 1 . 4 0 
6 3 . 2 0 
55-24 
5 5 . 4 7 
5 6 . 0 7 
4 9 . 9 3 
4 0 . 7 3 




8 6 . 5 5 
9 6 . 2 5 
1 0 5 . 1 3 
7 9 . 5 5 
3 0 . 2 9 
9 7 . 3 9 
6 7 . 4 8 
7 4 . 2 8 
8 2 . 5 2 
6 8 . 7 2 
7 5 . 1 7 
0 2 . 7 7 
7 2 . 2 1 
7 8 . 5 3 
3 6 . 0 4 
6 7 . 6 1 
7 3 . 4 0 
S n . O j 
6 5 . 9 7 
7 0 . 9 3 
75 .80 
6 6 . 2 8 
6 9 . 9 2 
7 3 . 2 7 
5 7 . 0 6 
5 9 . 9 7 
6 1 . 7 1 
4 7 . 9 3 
40 .42 




U 2 . 8 7 1 0 5 . 2 7 8 9 . 9 4 0 9 . 9 7 9 3 . 2 2 Bb.On 0 0 . 5 0 7 6 . 0 7 64 .00 4 9 . 2 2 U ; . 
1 1 8 . 5 7 
1 2 3 . 4 5 
1 2 6 . 6 0 
H 2 . 0 1 
117 .60 
1 2 1 . 7 8 
9 7 . 6 5 
1 0 4 . 4 8 
11U.61 
9 5 . 9 6 
1 0 2 . 0 3 
1 0 7 . 7 6 
9 8 . 9 9 
1 0 3 . 4 3 
106 .36 
9 0 . 8 3 
9^ .92 
9 7 . 1 9 
0 4 . 2 5 
0 7 . 4 0 
0 9 . 0 4 
7 9 . 6 2 
8 1 . 7 4 
3 2 . 5 4 
6 6 . 0 9 
6 7 . 4 5 
6 7 . 0 7 
5 0 . 2 2 





1 2 7 . 2 3 
1 2 5 . 9 3 
1 2 2 . 5 9 
124 .32 
1 2 5 . 0 2 
1 2 3 . 9 2 
1 1 5 . 7 9 
119 .10 
1 2 1 . 4 2 
1 1 0 . 2 1 
111 .22 
1 1 1 . 5 9 
105 .94 
1 0 4 . 0 8 
100 .82 
9 7 . 5 0 
9 b . 4 9 
9 3 . 7 4 
8 9 . 4 8 
0 9 . 0 3 
8 7 . 2 5 
8 2 . 5 4 
8 2 . 0 6 
3 0 . 60 
6 7 . 7 0 
6 7 . 1 6 
6 6 . 2 7 
5 1 . 0 5 





H O . 7 9 
U 0 . 9 7 
1 0 4 . 6 1 
1 2 0 . 7 7 
1 1 7 . 2 6 
1 1 3 . 0 6 
1 2 2 . 6 2 
1 2 2 . 2 5 
1 2 0 . 8 6 
1 1 1 . 7 0 
1 1 0 . 8 1 
1 0 9 . 4 3 
9 6 . 5 9 
9 2 , 7 4 
8 9 , 6 3 
8 9 . 0 1 
8 4 . 5 1 
B l . 1 9 
8 4 . 0 4 
8 0 . 9 6 
7 9 . 2 5 
7 8 . 7 2 
7 6 . 9 6 
7 6 . 4 9 
6 5 . 4 1 
6 4 . 7 3 
6^-b7 
5 0 . 9 5 
5 1 . 8 4 






Table G8. F lu id Temperature (C) ve r sus P o s i t i o n ( in u n i t s of 0.025 mm) 
(Fluid Nl, Load = 67N, P u = 1.02 GPa, V, = 2.54 m/ s , V o = 0, 
^ • M « » 
1 2 3 4 5 6 7 8 9 
I Q 2 . 4 O 102 
H 0 . 1 2 l l u 
1 2 1 . 0 2 124 
1 2 3 . 1 9 12b 
U 7 . 9 8 12U 
1 0 7 , 0 9 117 
1 0 7 . 2 9 1 2 D 





















68 127.29 125.53 
66 125.98 124.09 
56 127.67 125.23 
21 135.11 122.85 
14 141.47 121.18 
59 146.56 120.89 
44 157.06 125.71 
18 162.74 129.13 
38 166.31 133.26 
11 165.38 138.21 
69 161.51 141.56 
98 156.68 164.15 
35 179.54 160.43 
23 142.04 136.U8 
09 111.54 126.10 





9 K #86 
10,-».43 
2 0 . 0 5 l l h . 9 t j 
2 1 . 5 1 1 2 5 . 6 7 
2 4 . 8 1 1 3 9 . 3 3 
9 7 . 1 3 
1 0 1 . 1 5 
1 U 5 . 3 8 
1 1 4 . 7 6 
1 2 0 . 5 9 
1 3 0 . 6 6 
90 .60 
9 4 . D 5 
1 0 0 . 9 8 
3 4 . 4 9 1 5 ^ . 9 o 
3 8 . 9 3 1 5 ^ . 3 3 
43 .50 161 .76 
6 1 . 1 2 1 5 9 . 7 3 
6 0 . 4 7 14 i> .5 l 
















1 0 2 . 8 3 99 
1 1 3 . 7 7 l o 4 
1 2 3 . 1 5 H O 
21.99 14|.0ti 145.79 127.16 li 2 
25.11 143.91 147.26 145.74 1]9 
29.27 14h.87 148.53 152.01 1?2 
31.99 149.73 149.39 151,67 1?1 
1 5 2 . 0 7 121 
1 4 7 . 7 1 U 8 



















7 8 . 5 9 
6 3 . 7 9 
8 6 . 9 9 
9 0 . 7 5 
9 3 . 8 3 




63 102 .85 C^NlE* Ll^lE 
1 0 1 . 5 4 
9 9 . 6 9 
9 8 . 1 4 
9 2 . 3 6 
3 9 . 0 9 





"- «* f - • ^^tJHCggtfc^y^? "CittawvuK— -*" 
INLET 
Table G9. Rail Surface Temperature (C) versus Posit ion (in units of 
0.025 mm) (Fluid Nl, Load = 67N, P„ = 1,02 GPa, V = 5,08 ro/s, V = 0, 





5 2 . 6 1 
5 3 . 7 9 
5 7 . 5 9 
3 2 . 4 4 
5 j . 6 l 
5 b . 3 1 
6 3 . 1 2 5^ ,9P 
7 0 , 5 2 a 5 . 4 1 




5 3 . 1 9 
5 3 . 5 2 
5 5 . 1 5 
5 6 . 7 8 
59 .90 
65 .86 
7 5 . 1 3 
8 4 . 4 7 
9 3 . 8 6 
5 4 . b9 
5 4 . 5 4 
5 5 . 0 9 
5 5 . 4 7 
5 6 . 6 6 
6 1 . 3 6 
6 8 . 7 3 
7 8 . 0 9 
8 7 . 7 2 
5 3 . 9 4 
5 3 . 9 2 
5 3 . 8 2 
5> .6b 
5^ .6r i 
5 ? . 6 1 
5 3 , 7 6 5^ .7b 
5 4 . 3 3 5 4 . 7 6 
5 7 . 6 0 5 7 . 4 1 
6 2 , 4 7 6 0 . 9 2 
7 1 . 2 2 6R.56 
8 1 . 1 4 7 b . 8 8 
5 2 . 8 8 
5 2 , 8 6 
5 2 . 6 7 
5 2 . 9 5 
5 4 . 5 1 
5 5 . 6 8 
5 6 . 9 7 
6 1 . 0 1 
6 6 . 2 4 
5 3 . 7 7 
5 3 . 1 5 
5 2 . 8 4 
5 3 . 6 9 
5 4 . 1 8 
5 3 . 5 5 
5 3 . 0 5 
5 3 . 9 1 










5 3 . 0 6 
5 3 . 3 8 
5 3 . 9 3 
53 .26 
53 .73 
5 3 . B9 
53 .30 
5 2 . 8 8 




1 1 9 . 7 3 U 2 . 2 0 1 0 3 . 3 4 9 6 . 5 3 8 9 . 2 4 Bu.24 7 1 . 4 4 5 8 . 1 5 5 4 . 2 2 5 2 . 3 0 CENTER LINE 
1 2 6 . 3 7 1 1 9 . 4 7 1 1 1 . 5 7 1 0 5 . 2 2 9 7 . 5 1 
1 3 0 . 7 3 124 .50 1 1 7 . 6 6 1 1 1 . 9 4 1 0 4 . 0 2 
1 3 3 . 2 3 1 2 ^ . 5 9 1 2 3 . 4 9 1 1 7 . 3 4 1 0 9 , 4 8 
1 3 3 , 9 7 l3<d.6* 1 2 8 . 2 9 1 2 1 . 8 9 
1 3 3 , 0 0 13J>.73 1 3 1 . 0 1 1 2 5 . 3 8 




1 2 2 . 1 0 1 2 9 . 6 6 1 3 1 . 4 2 1 2 5 . 6 6 1 1 5 . 3 2 
1 1 4 . 4 2 1 2 5 . 2 9 1 2 8 . 3 0 1 2 2 . 0 4 1 1 1 . 5 1 
1 0 5 . 8 8 H 8 . 0 Q 1 2 2 . 2 4 1 1 6 . 9 0 1 0 6 . 7 9 
9 n . 7 4 7 5 . 5 7 6 0 . 0 9 5 4 . 9 6 5 1 . 7 7 1 
9 5 . 7 0 7 9 . 8 7 6 2 . 1 9 5 5 . 9 7 5 1 . 7 3 2 
9 9 . 4 6 8 1 . 8 2 6 4 . 3 5 5 5 . 7 B 5 0 . 6 4 3 
8 3 . 1 0 6 5 . 0 5 5 4 . 9 4 5 1 . 6 0 4 
8 1 . 6 8 6 4 . 5 4 5 4 . 1 0 5 1 . 7 6 5 
7 9 . 1 2 6 3 . 7 7 5 3 . 9 7 5 3 . 3 2 b 
9ft.42 7 7 . 0 8 6 3 . 1 0 5 3 . 5 2 5 3 . 4 3 7 
9 P . 0 7 7 3 . 9 6 6 2 . 0 3 5 2 . 7 2 5 4 . 1 6 8 





Table G10. Fluid Temperature (C) versus Position (in units of 0.025 mm) 
(Fluid Nl, Load = 67N, PTI = 1,02 GPa, V, = 5.08 m/ss V = 0 , 
T . B 40 C)
 H b s a 
bath 
IMLET 1 ? 3 4 5 L > 7 8 9 
9 5 . 9 5 9 b . 1 4 9 8 . 7 1 9 2 . 0 5 8 7 . 3 3 9u.2. i 9 3 . 3 8 8 6 . 5 9 R l . 0 9 87 .10 
9 7 . 9 7 ^ 7 . 3 1 1 0 7 . 4 1 1 0 0 . 5 1 9 6 . 0 7 1 0 1 . 7 2 9 P . 7 2 9 1 . 3 6 8 5 . 4 0 9 0 . 0 1 
1 0 5 . 0 9 1 0 ^ . 5 8 1 1 6 . 5 8 1 0 8 . 5 6 1 0 4 . 0 2 1 0 7 . 7 8 1 0 4 . 1 9 9 6 . d ? ft9.89 9 2 . 3 5 
1 2 2 . 9 5 1 1 8 . 7 8 1 2 2 . 1 5 U 5 . 4 9 1 1 6 . 5 1 i l s . l b 1 1 0 . 2 0 1 0 1 . 3 0 g 3 . 7 6 9 5 . 2 7 b 
134.B2 1 3 3 . 8 6 1 3 5 . 2 0 1 2 8 . 5 9 1 2 8 . 1 3 12b.4t> 1 1 5 . U 1 0 8 . 4 9 9 8 . 6 5 9 7 . 4 0 5 
1 4 5 . 2 1 1 4 7 . 8 4 1 4 b . 6 0 1 3 8 . 1 2 1 3 2 . 9 3 13r t .73 1 2 3 . 4 1 1 1 4 . 0 9 l o l . 2 1 1 0 0 . 0 6 4 
1 5 5 . 2 4 15U.B3 1 6 0 . 3 5 1 5 0 . 7 3 1 4 1 . 8 9 1 4 4 . 6 5 1 3 1 . 7 7 1 1 5 . 1 9 l n 3 . 8 6 1 0 2 . 5 6 3 
1 5 4 . 4 4 1 7 0 . 8 9 1 7 0 . 6 7 1 5 9 . 3 2 1 4 6 . 1 7 1 5 ? . 6 4 1 3 6 . 4 7 1 2 1 . 3 5 106 .99 105 .44 2 
1 7 1 . 3 3 1 7 7 . 0 4 1 7 5 . 9 1 l b 4 . 4 7 1 5 1 . 6 3 155 .40 1 4 4 . 6 2 1 2 4 . o 4 l n 7 . 1 9 107 .34 1 
1 7 8 . 7 5 1 8 0 . 9 2 1 8 0 . 0 4 i 7 l . 2 2 161 .20 1 6 1 . 3 7 1 4 4 . 6 5 1 2 3 . 5 5 l o b . 3 7 107 .40 CENjTEP LIME 
1 8 1 . 7 4 183.7f, 1 8 3 . 5 3 1 7 6 . 1 1 1 6 5 . 9 9 16b .14 1 4 9 . 2 4 1 2 4 . 1 3 1 0 5 . 0 1 1 0 7 . 3 6 1 
1 3 4 . 0 0 l B o . 5 4 1 8 D . 2 3 1 7 8 . 3 2 1 6 8 . 5 3 1 6 9 . 5 3 1 5 4 . 2 4 1 2 0 . 7 8 l o 2 . 0 0 105 .14 2 
1 6 4 . 5 6 1 8 4 . 5 3 1 8 3 . 8 7 1 7 7 - 7 1 1 6 8 . 3 4 169.Qd 1 4 2 . 4 2 1 1 5 . 2 4 9 7 . 4 4 1 0 2 . 2 7 3 
1 8 2 . 4 5 1 8 0 . 3 b 1 7 8 . 7 1 1 7 3 . 8 3 1 7 0 . 7 8 1 6 6 . 5 5 1 3 2 . 7 0 1 1 3 . 3 6 9 5 . 0 4 9 9 . 4 7 4 
1 7 6 . 3 7 171 .S0 1 7 1 . 6 5 1 7 7 . 3 5 1 6 8 . 3 5 1 5 ? . 3 3 1 2 1 . 9 1 1 0 6 . 4 5 9 3 . 1 3 9 6 . 8 7 b 
1 7 2 . 2 9 l o i . 5 7 1 6 0 . 1 9 1 5 1 . 9 0 1 3 6 . 7 1 1 3 3 . 0 9 1 1 4 . 2 1 9 7 . 4 0 8 3 . 9 9 9 4 . 6 2 6 
1 6 9 . 1 8 1 4 7 . 3 3 1 0 8 . 8 9 9 8 . 7 3 1 0 9 . 7 b 1 1 9 . 9 2 1 0 6 . 9 7 9 2 . 5 9 B5.68 9 1 . 9 4 7 
1 3 9 . 1 2 9 9 . 4 5 7 . 0 0 7 . 0 0 8 8 . 6 1 1 0 7 . 7 b 1 0 1 . 6 0 8 8 . 9 7 ft2.24 3 9 . 4 0 3 
* 1 6 . 7 l 7 .00 7 . 0 0 7 . 0 0 8 8 . 5 1 1 0 2 . 1 3 9 7 . 9 6 8 7 . 0 6 7 9 . 6 3 8 6 . 1 0 9 




Table G i l . Ba l l Surface Temperature 








6 3 . 3 5 57 
r 6 9 . 9 1 5a 
73.27 70 
78 .06 72 
81 .84 7B 
92 .72 8b 













67 .92 b9.70 
67 .90 69 .70 














7 0 . 4 7 7 1 . 3 0 














50 111.59 102.13 
90 114.56 104.30 
31 lib.23 105.95 
84 116.91 106.03 
80 115.85 104.85 
80 113.35 102.08 
8 2 . 3 7 7 7 . 5 3 
3 6 . 0 6 7 9 . 5 B 
8 9 . 5 0 8 i . 3 ( ) 
9 1 . 8 9 8 2 . 5 9 
9 3 . 0 1 8 ? . 8 b 
9 3 . 6 8 8 2 . 7 1 
9 3 . 1 1 8 2 . 1 8 
9 1 . 9 6 8 1 . 4 3 
8 9 . 7 4 8 0 . 3 0 
EXIT 
(C) versus Pos i t ion ( in units of 0,025 mm) 
Vv = 12.7 m/s, V = 0, Tv _, = 40 C) b sa bath 
6 7 8 9 
7 1 , .00 6 8 , .90 6 8 . . 1 3 6 8 , .69 9 
7 1 , .00 6 8 . .90 6 8 , . 1 3 6 8 , . 69 8 
7 1 , , 0 1 6 8 , ,90 6 8 . . 1 3 6 8 , . 69 7 
7 1 , .00 6 8 , ,90 6 8 , . 1 3 6 8 , . 69 5 
7 0 , ,97 6 8 , ,90 6 8 , . 1 3 6 8 , . 69 5 
7 0 , .93 6 8 . 90 6 8 , • 1 3 6 8 , . 69 4 
7 0 , . 95 6 8 , . 8 8 6B< • 1 3 6 8 . . 6 9 3 
7 1 , , 07 6 8 , ,85 6 3 , . 1 2 6 8 , . 6 9 2 
7 1 , ,40 6 8 , . 9 1 6 8 , . 1 1 6 8 , . 6 9 1 
7 2 , ,24 6 9 , .30 6 8 , . 1 7 6 8 . . 6 9 CE 
7 3 , , 6 1 6 9 . . 6 3 6 8 . . 1 1 6 8 . . 6 9 1 
74 , ,53 6 9 . 97 6 8 , . 1 3 6 8 , . 6 9 2 
74 , ,93 7 0 . . 22 6 8 , . 5 1 6 8 , . 6 9 3 
75 , , 2 9 7 0 , , 3 1 6 8 , . 5 3 68 . 6 9 4 
7 5 , , 09 6 9 , , 97 6 8 , . 1 5 6 3 , . 6 9 5 
74 , ,60 6 9 , ,54 6 8 , . 3 8 6 8 . . 6 9 6 
7 4 , ,22 6 9 , , 2 7 6 8 , • 3 4 6 8 . . 6 9 7 
7 4 , ,10 6 9 , ,32 6 8 , . 34 6 8 , . 6 9 8 
7 3 , ,B2 6 9 , , 37 6 8 1 . 3 6 6 8 , . 6 9 9 
ro 
a\ 
Table G12. Fluid Temperature (C) versus Position (in units of 0.025 mm) 
(Fluid Nl, Load = 67N, P„ = 1.02 GPa, V, = 12.7 m/s, V = 0, T, „_, = 40 C) 
n. D sa pacn 
INLET 1 ? 3 4 5 b I 8 9 
118 .67 H 7 . 4 ? I U . 7 4 1 0 9 . 0 3 1 1 1 , 8 9 l l n . 9 b 1 0 7 . 1 0 1 0 6 . 9 4 111 .42 108 .00 9 
- - - - - - R i d 2 . 3 S 121 .11 1 1 6 . 9 9 1 1 1 . 4 0 1 1 8 . 3 9 11^ .35 1 1 1 . 6 7 H O . 6 5 I l 5 . b 5 1 1 2 . 2 5 
125 .57 1 2 4 . 8 7 12b .28 1 1 4 . 1 8 122 .31 1 2 4 . 2 1 1 1 5 . 5 7 1 1 6 . 2 3 121 .00 1 1 4 . 9 4 
1 2 8 . 0 5 l 2 o . 6 b 1 2 2 . 8 7 U R . 2 6 1 3 3 . 5 6 1 3 ? . 5 ? 1 2 4 . 0 3 1 1 8 . 5 5 l2<*«59 1 1 8 . 0 5 6 
1 ^ . 7 3 1 2 9 . 4 3 1 2 7 . 6 2 1 2 6 . db 135 .74 1 4 n . 7 l 124 .80 1 2 9 . 1 0 130 .47 120 .67 5 
130 .20 1 3 2 . 4 2 1 3 1 . 3 6 1 2 9 . 3 7 1 3 7 . 7 2 1 4 7 . 4 7 1 3 7 . 9 2 1 3 6 . 6 1 1 3 2 . 5 4 123 .60 4 
1^3.5b 1 3 5 . 3 2 133.«45 1 3 1 . 8 2 1 4 0 . 1 3 l 4 y . 0 4 1 4 5 . 3 8 1 4 0 . 5 7 1 3 5 . 1 7 127 .54 3 
1 3 5 . 9 3 m . 2 U 1 4 0 . 5 0 1 3 9 . 0 2 1 4 5 . 1 6 1 5 8 . 8 5 1 4 5 . 1 6 1 5 9 . 9 6 I 4 L O 2 1 2 9 , 3 5 2 
1 4 5 . 2 6 1 5 1 . 3 5 1 5 1 . 4 5 i 4 8 - b 5 1 5 1 . 0 4 1 6 ? . 4 b 1 5 4 . 0 4 1 6 7 . 3 6 1 4 5 . 7 9 1 3 1 . 1 1 1 
1 D 3 . 7 4 139 .80 1 6 0 . 0 4 1 5 7 . 5 0 1 5 8 . 2 1 1 6 7 . 8 8 1 5 6 . 9 1 1 6 8 . 5 9 1 4 3 . 3 7 1 3 0 . 4 5 CENTER LlME 
i o 0 . 9 3 1 6 6 . 6 3 1 6 7 . 7 7 1 5 6 . 5 5 1 6 6 . 3 1 1 7 4 . 3 0 1 6 0 . 2 1 1 6 7 . 7 4 1 4 5 . 7 8 1 3 0 . 7 3 1 
1 0 8 . 2 2 1 7 2 . 9 7 1 7 4 . 7 3 1 7 3 . 3 2 1 7 1 . 5 9 17^ .72 1 7 5 . 2 3 1 5 8 . 0 5 141*63 1 2 9 . 4 6 2 
1 7 2 . 2 3 176 .0b 1 7 b . 8 1 1 7 6 . 0 3 1 7 3 . 7 9 1 8 ? . 9 3 1 6 3 . 0 0 1 4 2 . 5 7 1 3 6 . 5 1 1 2 8 . 4 2 3 
1 7 1 . 3 3 l 7 b . 5 0 1 7 5 . 2 5 1 7 3 . b 9 1 8 4 . 7 1 1 7 9 . 0 2 1 4 7 . 5 6 1 4 1 . 0 5 13^ .93 1 2 5 . 2 9 4 
157 .74 1 7 2 . 2 5 1 7 6 . 2 3 1 9 1 . 3 8 1 3 5 . 3 8 16?.OH 1 3 4 . 3 2 133 .90 l3<*.2l 1 2 4 . 2 8 5 
1 7 7 . 0 4 1 3 3 . 9 2 1 9 * . 3 1 1 9 2 . 5 6 1 7 0 . 5 4 1 4 4 . 0 3 1 2 6 . 7 4 1 2 8 . 2 6 1 2 9 . 8 6 1 2 3 . 0 9 6 
1 7 9 . 1 3 1 3 0 . 9 9 1 8 3 . 9 6 1 7 0 . 6 8 1 4 8 . 0 8 1 3 7 . 3 0 1 2 1 . 6 2 1 2 4 . 7 1 1 2 6 . 6 7 1 2 0 . 1 1 7 
l b 4 . 0 3 1 6 7 . 6 1 1 6 3 . 6 7 1 5 7 . 0 9 1 4 2 . 9 0 12H.41 U5.<*1 1 1 9 . 0 0 1 2 1 . 3 6 1 1 7 . 4 3 B 
1 4 5 . 9 1 1 5 0 . 3 6 1 5 0 . 5 7 1 4 4 . 2 2 1 3 4 . 9 2 1 2 l # 8 6 110.5«f 1 1 4 . 3 4 l l 7 . 2 8 1 1 3 . 3 3 9 
EXIT 
Table G13. Bal l Surface Temperature (C) versus P o s i t i o n ( in u n i t s of 0.025 mm) 
(Fluid Nl, Load = 215N, P u = 1.51 GPa, V, = .7 m/s , V = 0, T, . , = 40 C) 
' u b sa path H 
i L ' T 
10 11 12 
• • • ' • .So 0 4 . 7 2 
• > • 3 I 6 J . u 5 
- 1. 9 4 t>ci • An 
IJI. . o y b u . j ' t 6 5 . 3 4 6 0 . 1 0 
f. . '».3h o4.9«.> A S . 1 b 6 5 . 9 T-
o ' . ' H I b 5 . 7 b h S . b l ) 6 n . 8;' 
^ . 6 b 7 , - . 7 0 7 ? . 0 3 6 8 . b o r , 7 . 2 2 6 8 . 1 j 
i , , ° 7 ' - ^ 7 8 . 8 b 7 p . i 7 6 9 . 6 3 7 u . S C 
> . ' v 9 r t . - : j u , . t s 7 7 7 # . / f ? 4 # 4 o 7 , i < ? p 
*•** l ' J j . c ' 3 
3 . 3 1 1 U ( , . J 7 
l l i > . 2 U 
l 2 j . b l 
Id J.: 9 
i ) 1 . 2 . 1 
L I 8 . 6 7 
^'3.7/ 
9 5 . 2 7 
to t - . . 3 0 
i 1 5 . 4 7 
1 2 2 . 7 1 
I 2 ' i . 14 
8 5 . 9 I J 
9 b . 3 l 
t U 4 . U b 
I 1 1 . 7 7 
I 1 9 . J 1 
8 1 . 0 7 
H 8 . 9 o 
9 7 . 1 8 
i n ' + . 7 3 
1 1 2 . 3 7 
. i . 4 o 1 3 / . . ^ , i . 5 i , . ' * ? i 2 o . o 7 l r - J . 3 7 l l r , . ' 
8 1 . 2 . - ! 
8 8 . 3 5 
9 6 . U 7 
1 0 3 . 4 8 
1 1 0 . 6 6 
8 9 
i . > b . j 7 l l j . l i l } 4 2 . ? u I 3 2 . U 1 2 S . 1 J 1 2 2 . 2 * 
6 5 . 3 7 
6 5 . 2 9 
6 * 5 . 7 9 
8 6 . 5 8 
8 7 . 9 5 




















9 6 . 3 6 
6 4 . 2 6 
6 4 . 4 0 
b 4 . 4 S 
6 4 . 5 6 
6 5 . 1 8 
* 6 . 0 6 
8 6 . 4 4 
8 7 . 8 0 
7 1 . 3 2 
7 5 . 2 7 
7 9 . 7 2 
8 4 . 0 8 
6 5 . 2 4 
6 6 . 3r, 
6 6 . 9 2 
6 7 . 3 M 
t > 7 . 9 7 
^ 9 . 2 9 
7 0 . 0 0 
7 2 . 4 1 
7 5 . 4 1 
7 7 . 9 6 
B 1 . 2 9 
8 3 . 9 9 
bh.12 68.06 6^.10 
67.64 67.74 66.no 
6-1.59 68.42 66.73 
7 1 . 5 1 
7 3 . 2 0 
7 5 . 3 6 
7 7 . 5 0 
fiU.42 
8 2 . 4 7 
7 0 . 4 3 
7 1 . 0 5 
7 2 . 4 2 
7 3 . 9 2 
7 5 . 9 8 
7 7 . 8 2 
6 7 . 1 , 0 
6 " . ? 0 
b 8 . r 9 
6 « . i 9 
6 8 . ^ . 8 




6 8 . 9 8 6 8 . 5 6 6 7 . - 3 9 
6 ^ . 7 5 6 9 . 4 2 6 7 . 1 7 a 
7 0 . 5 2 6 9 . 6 0 o 7 . ] i 7 
8 8 . 4 5 8 7 . 4 4 8 4 . 9 6 7 9 . 7 1 6 ^ . 3 3 CENTER LINE 
1 - 0 . 3 / l ' * u . j 4 1 4 " , . 5 3 i 3 h . b 4 
1 » - 5 . 7 L , 1*>}.I3 j •••-,. 2 4 1 4 0 . ^ 7 
1 -* ->. 2 u l b . j . • 9 4<).->8 I H 2 . J 7 
1 * 7 , 7 * l : J l » 3 ; > J 4 9 . 8 5 i 4 U . o 2 
K 8 . 6 L 1 5 1 . 0 5 
U J . . 5 1 l H ' J . ^ 
l . * 7 , f . o 1 4 / . L 1 
1 ( . ' J . 7 J 1 4 4 . i o 
1 * 4 . 7 7 I 4 i j . 3 0 
1 * 0 . 7 ^ 1 3 4 . j J 
1 .V+ .4 7 1 2 O . T 7 
1 2 7 . 5 9 l l 8 . ; ^ 
i «• -1 
1 4 7 
1 4 4 
J 4 0 
• 3 S 
1 2 7 
1 1 8 
, 2 4 
, 1 2 





I 4 b . J ) 
I Ml . . / . ' 
142 .99 
141.14 
j 3 7 . O J 
132 .93 
127 .39 
1 2 9 . 8 1 1 2 ^ . 2 3 
1 3 3 . 7 8 1 2 9 . 5 5 
1 3 6 . 9 1 1 3 2 . 0 1 





































































9 0 . 7 7 8 7 . 5 3 « 1 . 2 7 
9 3 . 7 8 8 9 . 7 9 8 2 . 9 1 
9 5 . 7 9 9 1 . 2 5 8 3 . 7 9 
9 6 . 9 0 
9 6 . 4 9 
9 5 . 7 h 
9 3 . 8 6 
9 0 . 3 u 
8 7 . 6 1 
8 6 . 1 0 
8 4 . 4 9 
8 1 . 9 8 
9 2 . 3 1 
9 2 . 0 5 
9 ] . 5 2 
9 0 . 8 4 
8 6 . 9 4 
8 b . 7 7 
8 4 . 2 3 
8 3 . 6 3 
8 2 . 0 4 
8 4 . 1 6 
8 4 . 2 6 
8 4 . 3 3 
8 4 . 2 1 
8 2 . 3 7 
7 8 . 9 3 
7 7 . 3 9 
7 6 . 8 0 
7 5 . 1 6 
6 r > . 7 0 1 
6 ^ . 9 7 2 
7 0 . u 4 3 
7 0 . 3 7 
7 0 . 7 7 
70..17 
7 0 . 7 7 
7P.-»7 
7 0 . ^ 7 
7 " . 3 7 
70."<7 










h X I T Ni 
'ON 
\D 
ab le G14 
cn«*m. Jaff L X C ^ l c r ^ ^ l r ^ ; ^ ; ^ ) 
iW' E ! 
10 11 12 
; ' • • > . 1 5 | i * ? . U ) t 4 2 . t « ' 
: ! , : . « . * i b p . j s i t x , . t-» 
x'-W.3b | 5 8 . 8 1 ,o4.<! : j 
S^Z.44 lbr».U9 I6t».9«« 
HMJ.IJO I ' j^i.oy ion .o '» 
l ' * i . 6 ' l 1 6 7 . b o 104.4V 
l 6 o . u r t 1 / s . ' t y l u 9 . 3 b 
i ' U . 7 i m i .OS i 7<+.4 • 
l ' » / . u 6 
1 9 . 5 . 3 6 
2 0 „ . ] 2 
d'i J . 6 3 
I 7«». 
2 0 1 
! 6 ; \ 
79 1 7 3 . 4 2 
34 l 9u . 59 
7 3 ^ 1 3 . 3 2 
L)4 I 7 9 . 1 ' ) 
lN- ' . lO H 2 . L 1 
'l>V.(i<± 1 6 1 . 1 5 
* 6 3 . 4 0 l b S . 3 7 
1 6 6 . 1 0 16^.2<] 
W.3.fio l h 2 . 7 9 
U.2.6rt l b 0 . 3 4 
1 6 2 . 9 5 1 5 9 . 5 2 
l « 4 . 9 7 1 6 3 . 5 6 
1 6 9 . 7 5 170 .56 
1 7 0 . 3 7 173 .00 
1 8 3 , 1 6 1 7 6 . 9 3 
1.^7.7 3 166 .62 
2 0 o . p 6 1 9 4 . 5 2 l 9 4 . 1 8 1 4 J . 4 6 188 .71 
120 .06 1 1 1 . 3 * l n l . c i o 97.8U 9 4 . 0 1 9 5 . 0 8 8 5 . 7 6 12 
13P .35 1 2 6 . 7 9 l l l . b l 100 .44 9 6 . 3 6 9 8 . 7 5 8° .« ,3 11 
L S I . 0 9 1H0.30 1 2 5 . 6 8 1 0 9 . 6 7 lo^ .On 1 0 5 . 0 3 9 3 . o 7 10 
l b 6 . 7 2 1 4 8 . 7 5 1 3 6 . 5 7 1 3 3 . 8 1 119 .42 1 1 2 . 8 6 1 0 0 . p i 9 
1 6 2 . 0 1 1 6 1 . 4 0 142 .14 136 .70 126 .20 1 1 9 . 5 b 106 .11 a 
161 .21 1 6 2 . u 4 165 .44 1 4 2 . 2 2 1 3 7 . 1 9 1 3 4 . 5 8 1 1 2 . r 6 7 
1 6 4 . 1 9 1 7 2 . 4 3 1 6 4 . 2 6 1 4 9 . 5 3 146.4R 1 4 3 . 9 5 121 ,.-»5 6 
1 6 5 . 6 9 162 .7n l S l . 7 6 1 4 5 . 1 3 1 5 3 . 8 b 1 4 7 . 9 3 129 . j a 5 
1 7 2 . 0 7 1 6 3 . 9 7 1 4 6 . 3 5 136 .4 3 151 .34 1 5 8 . 5 6 1 3 ^ . r 3 4 
1 7 7 . 2 7 1 6 9 . 4 8 1 4 8 . 4 9 1 3 5 . 3 2 1 5 2 . 0 2 167.bO 14"«.<=5 3 
I H I . 9 7 1 7 2 . 0 b 1 4 7 . 1 7 1 3 0 . 6 2 1 5 1 . 4 7 1 6 6 . 9 8 154. , ,9 ? 
iHb.Hl 1 7 3 . 6 b U 8 . 4 1 132 .92 1 5 2 . 0 9 1 6 6 . 3 3 10?.> 6 1 
1 8 8 . 4 4 1 7 6 . 0 3 1 5 0 . 6 6 1 3 4 . 1 5 1 5 l . 3 l 1 6 5 . 0 2 1 6 2 . f Z CENTER L I M E 
e: i -J. Oil 2 1 3 . 0 2 2 0 . ' . 32 
: , ; ; . ti) 2 l J . b 5 ,'ii.'" . Hi 
-- : , 7 ^ 2 W . uO , ; r ' j . 32 
«<. * . 2 | 21 J . 54 pi 1 .on 
< ' ' .2 ' J ^ 0 ^ . 1 7 ^1)7.94 
*...<.. 7i, 2 0 3 . 0 0 
' . . L . b j 20 i .LO 
<'-'.. 3 . 1 ^ 1 9 J . 5*) 
1 >3,8o 1 7 4 . 5 b 
i « . J . 3 l l b l . b l 
5 / 5 . 0 / 1 2 ^ . 3 2 u , 7 . 0 9 






^ 0 1 . 4 4 1 9 5 . 3 J 
201 .dO lQci.01 
^0 3 . 3 3 MQ.H9 
• 06.74 
205.40 












































176.96 150.85 131.41 
178.92 163.02 129.97 



























































































Table G15. Ball Surface Temperature (C) versus Position (in units of 0.025 mm) 
(Fluid Nl, Load = 215N, P„ = 1.51 GPa, V, = 1.39 m/s, V = 0 , 
H b sa ' 
Tbath " 4 0 C ) 
IHI '"I 10 11 12 
M.04 7n.6 0 
M.i,lU 82. U 
na.f.w o4.ji 
7 7 . ?3 7u . 6 4 7 4 . 6 2 7 5 . a i 7 6 . 0 1 7 5 . 0 7 
6 0 . i.'i / M . 2 I J 77». . 2 6 7 6 . 8 6 7 5 . 6 9 7 4 . 9 2 
6 2 . 9 0 t i l . o5 an . 6 j 77 .4 -3 7 5 . 7 4 7 5 . o 9 
7 5 . 6 1 7 6 . 8 0 
7 5 . 7 4 7 5 . 9 0 
7 6 . 1 5 7 5 . 8 2 
7 3 . < + 5 7 2 . 2 1 6 P . p 6 1 2 
7 / , . 4 5 7 2 . 2 1 6 0 . ? 6 11 
7.', . 4 5 7 2 . 2 1 6 " . ; * 6 1 0 
9 l . 3 r t 8 6 . 7 2 
9 6 . 2 2 9 ( j . 8 9 
l u H . l u 9 7 . 6 0 
6 ' , . 74 6 * 4 . 5 2 A ? . 6 4 7 M . 7 ^ 7 6 . 5 9 
Mb. On 6 7 . 5 1 « 4 . 6 1 0 0 . 0 1 7 A . 4 2 
9 u . 6 1 9 D . 9 5 K 7 . J 3 6 2 . 4 0 a i . 0 0 
7 7 . 2 5 7 6 . 6 0 7 5 . 6 6 7 3 . 4 f t 7 2 
7 9 . 4 1 7 7 . 9 3 7 5 . 7 1 7 3 . 3 5 7 2 





6 0 . ? 6 
1 i 2 . 2 6 
1 ^ 0 . 3 a 
1^7 
1.-.4 
N n , 





1 0 o . b 9 
1 1 7 . 3 0 
U / . 6 6 
1 3 7 . 2 9 
1 4 b 
1 5 4 
27 
54 
1 - . 6 . 1 7 1 6 1 . ^ : 1 
l b 2 . 6 5 1 6 6 . 5 7 
l r . 7 . 3 5 1 7 1 . 2 7 
1 / 1 . 5 M 1 7 5 . 2 6 
1 7 4 . 1 2 
1 / 6 . 3 b 
1 7 4 . 0 9 
1 / 2 . I S 
l r . £ J . 6 2 
1 , . 2 . 9 6 
1 r* *i • I n 
I b 2 . 2 2 
I u 3 . 4 5 
t 7 u . 7 9 
1 6 U . 9 6 
1 6 2 . 1 1 
1 0 2 . 0 0 
1 6 U . 2 9 
1 7 7 . 2 6 
1 7 ^ . 9 3 
l b b . 4 4 
i 5 9 . 1 b 
0 3 . 5 7 9 6 . 4 0 9 2 . 4 7 f , b . a 6 8 3 . 9 H 0 4 . 2 7 H i . 5 9 7 7 . 3 8 7 . -J .75 7 2 . 1 0 
1 3 . 1 6 1 0 7 . ^ 5 i n l . o 3 9 5 . 6 7 6 0 . 3 0 0 7 . 7 7 0 4 . 0 4 7 6 . ? b 7 3 . 9 f l 7 2 . 1 3 
2 3 . 0 6 1 1 6 . 6 b l i n . f , ? l O u . 2 1 9 7 . 5 0 9 3 . 1 7 o 6 . 6 4 8 0 . 1 7 7 b . 5 o 7 2 . 7 9 
3 2 . 6 4 1 2 6 . 7 4 1 ^ 0 . 3 1 1 1 2 . 9 0 1 0 4 . 9 9 9 8 . 9 3 9 1 . 0 0 6 3 . 2 4 7 b . 6 3 7 3 . 0 3 
4 1 . 7 7 | 3 h . l 2 1 3 0 . 1 4 1 2 2 . 8 2 1 1 4 . 4 2 1 0 7 . 3 0 9 7 . 7 4 6 b . 9 1 7 7 . 0 b 7 3 . 3 6 




















5 7 . 2 6 1 6 2 . 7 0 1 4 7 . 5 0 l n n . 2 ' > 1 3 1 . 0 1 1 2 3 . 3 4 1 1 0 . 6 6 9 5 . 6 2 8 2 . 6 5 7 5 . 0 7 b n , i f l CENTER |_ 11JF 
6 2 . . 5 7 | 5 b . o 7 l b 3 , 7 6 l 4 b . 9 0 
6 7 . S o i 6 3 . 4 r ) 1 5 9 . OS 1 5 2 . 7 } 









1 / 1 . 7 1 
1 7 3 . 6 5 
1 7 6 . 4 1 
| 7 6 . u 6 
I 74 
I / I 
| 6 o 

































139.19 130.5^ 117.15 101.16 
144.64 135.32 l?2.o7 105.69 





















































8 9 . 3 6 
8 6 . 9 5 
8 4 . 7 5 
8 3 . 5 0 
7 5 . 9 3 6 ° . 2 7 
7 6 . 7 0 6 ° . ^ 5 
7 8 . 1 b 6 ^ . ' , 3 
7 9 . 6 4 
0 0 . 2 1 
t^O.81 
0 0 . 6 4 
7 9 . 9 3 
7 6 . 0 5 
7 6 . 1 1 
7 4 . 0 5 
7 4 . 6 6 
6 0 . * 3 
6 ° . ' 3 
6c>.-«3 
6 ° . * 3 
b , :>.T3 
6 r > . * 3 
6 n . 7 3 














(• XIT ro 
v j 
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-* "3 . . --^"5* **>«3t*& JitfStev^vaSur '^XmFS'JV 
Table G16. Fluid Temperature (C) versus Position (in units of 0,025 mm) 
= 0 , ( F l u i d N l , Load = 2 1 5 N , P u = 1 . 5 1 GPa, 
ri 
Vu = 1 . 3 9 m / s , V b s a 
T, _, = 40 C) 
b a t h 
i M L E i 10 1 1 \2 
l r » 3 , 2 4 1 6 1 . 4 0 it>?.7(i r > 7 . 1 4 1<*3.91 1 3 1 . 9 7 l ? ' i . 0 1 i 2 0 . 4 9 I i 0 . u 3 1 1 3 . 2 9 l l u . 2 n I n 2 . l 9 
lt>2.9;> l o 3 . 7 1 i f .<i .26 
lt .3.f\-> 1 0 ^ . 7 3 1 6 F . 5 4 
l o l . o O 1 6 6 . 1 7 ]Uh.\l I 3 6 . 6 h 
K . 4 . 9 0 1S6.L-J 1 5 ? . 2 6 1 6 0 . 9 8 
I f . 2 . 0 0 1 6 7 . 7 6 i b 7 . 3 4 M V , ^ 1 6 1 . 3 3 1 6 ? . b o 1 5 6 . 0 2 
i i . M . 6 1 l b c i . 7 6 lb '? . 87 1 i 7 . 3 9 ] , V U l f H ? . 4 ? 1 5 9 . 7 7 
1 / 1 . 2 ? 1 7 1 . 6 4 1 7 ? . 6 l i 7 l . b b l h S . 3 4 1 6 4 . 2 7 1 5 8 . 3 6 
1*,1.H4 l 7 d . l 9 1 7 3 . 08 I 7 1 . 9 4 1 7 0 . l o l b 6 . 0 5 l b P . 3 7 
1 ^ 0 . 5 4 1 8 4 . *}2 l 7 9 . 6 b J 7 7 . b 3 1 7 4 . 6 . 5 1 ( 6 . 7 6 1 6 0 . 0 b 
1 9 6 . 7 ^ 18ii.9Cl 1 6 ? . 24 n i l . / 4 ] aO . 06 1 7 4 . 3 6 1 6 3 . 8 6 
2 u 7 . 7 3 1 9 J . 0 8 1 4 6 . 7 4 H i 7 . i 8 1 6 5 . 7 6 1 7 8 . 6 8 1 6 8 . 3 0 
2 i 6 . 5 5 1 9 / . b 3 19U.0H j^n.4-7 1 M 8 . 4 3 1;',(). 32 l 6 P . 3 b 
2 ^ 1 . 9 j 2 0 2 . 3 1 1 9 ? . 52 1 9 ? . 5 6 1 < I ? . 2 I J 1 8 4 . o H 1 / 1 . 4 9 
2 ^ 3 . ^ 3 2 U 6 . 3 3 ? o n . l 9 lOfi.bO 1'?'* • 63 1 8 5 . 7 5 1 7 3 . 5 ? 
?.?b.l»4 2 0 6 . 1 3 1 7 6 . 1 ' / 1 / 6 . 9 6 J97.1W 1 9 U . 6 0 1 7 2 . 0 9 
* * b . 0 l 2 1 0 . 1 2 1M1.71 ( 6 5 . 1 7 , ? i i l . 2 0 1 9 3 . 2 1 1 7 4 . 4 1 
2 ^ 5 . 3 1 2 l 4 . o l ? U 7 . 9 6 ? i . ; i . u 3 2 i ) 6 . 3 3 1 ̂ 4 . 1. •"> 1 .75 .83 
2^-5. tui 
2 ^ 3 . f. 9 
2 ? 2 . 0 2 
c s J . 1 9 
2 ( 7 . 2 * 
2 j 4 . . , 9 
2 ^ 7 , 7»> 
1 9 3 . 9 6 
i i i ' j . 9 1 
2 U 
2 1 H 
2 1 2 
2«tl. 
2Ub , 







1 9 2 . 6 H 
1 7 9 . 6 2 
1 6 7 . 0 0 
?0 6 . 4 u 
?0 5 .7 t< 
20 4 . 9 7 
; 0 1 . 2 3 
1 9 9 . 1 8 
1 9 6 . 1 3 
16;>.. 7o 
1 7 ? . 4 7 
1 b 9 . 8 2 
? 1 i h • 4 1 
W : 7 . t i 7 
? U > . 95 
? 0 5 . U 1 
? u 3 . i 0 
J 9 6 . 9 9 
J 9 1 . U 3 
1 7 4 . 9 3 
l u l l . 75 
? u 6 . 6 3 
? .u7.3b 
? i ) 7 . 4 3 
i (16 .26 
?.i»3.74 
1 9 3 . 5 8 
1 6 5 . 1 8 
1 7 1 . 3 6 
1 5 4 . 9 0 
1 9 5 . 2 ? 
1 9 4 . 5 3 
194.9. ' ) 
1 9 6 . 0 7 
1 9 1 . 9 5 
1 8 » . l 7 
l h h . 9 ^ 
1 5 4 . 6 7 
1 3 9 . 6 ^ 
1 7 6 . 8 4 
1 7 K . 2 5 
1 7 8 . 7 5 
1 7 9 . 6 2 
1 7 7 . 4 5 
1 5 7 . 9 9 
1 4 4 . 7 3 
1 3 2 . 2 5 
1 2 3 . 0 0 
3 6 . 4 4 t ? 6 . 3 8 1 2 0 . 6 7 1 1 8 . 9 3 1 0 6 . 6 b 


























1 1 f» . f 7 




















1 6 9 . ^ 2 
1 6 6 . 9 7 
1 6 6 . 6 1 
1 7 U . 0 5 
1 7 u . 7 9 
1 6 3 , 
170 , 
170 , 
1 7 1 , 






1 3 7 . P 3 
1 5 ^ . ->! 
I b 7 . r 9 
lb"7 .o9 
1 b c . ? 8 
6 9 . 6 9 178 .2 .0 1 7 6 . 7 5 1 7 0 . 6 1 1 7 1 . 0 9 l b r . L | 7 CENTER LINE 
7 0 . 4 ? 1 K 1 . 7 0 
7 3 . 0 1 l P . 4 . 7 9 



















1 7 9 . 3 7 
1 6 1 . 6 3 































































(Fluid Nl, Load = 215N 
Ba l l Surface Temperature (40C) versus P o s i t i o n ( in unots of 0.025 mm) 
P„ = 1,51 GPa, V, = 2.54 m/s , V H b sa = o, T bath " 4 0 C > 
i II. ' ! LI) 11 12 
8 6 . 7 * o / . p 9 6 7 . 3 9 .- ih.r-J t\7,Ql P / . 2 7 8 4 . 5 8 8 3 . 1 3 
<•»'*.69 9 o . b O 9< . 5 9 9 , , . ^ 4 MS.".'* 9 / , . 6 2 9 1 . 4 7 8 8 . 0 8 




1 3 5 
U 7 
ih 'J 
if . 7 
i / 5 
l b l 
"! 2 I i u . 3 3 i u 7 . 5 1 
7 2 I 2 u . 2 2 1 l i , . ' 4 U 














1 ^ 7 . ' i j 2 U i » . i 7 
1 ^ 7 . 1 4 1 9 ^ . ^ 7 
W i . ° 2 
1 9 3 . 2 * 
l o 9 . 1 7 
l n 3 . 9 4 
1 7 d . H j 
1 t 1 . S o 
i » , 4 . 3 : ; 
r^.n 
1 9 U . S 4 
1 ^ 4 . 3 4 
l c i l . i . O 
l 0 o . 2 0 
1 7 9 . 9 9 




-u l < m . O H l f l . 5 4 
i o 6 . 5 J 189.C-6 1 6 7 . 0 5 
I s ) . 6 > 1 9 3 . i n 1 9 U . 7 9 
i 9 3 . 9 o 1 9 , , . 3'+ I 9 . \ . 9 « j 
i s » 5 . 9 b I 9 0 . b 7 j > r . . 3 9 
1 9 7 . ?,4 
1 9 7 . 5 5 
1 9 5 . 7 2 
I 9 ^ . b 4 
1 9 1 . 2 3 
USf;. 1 7 
1 6 3 . 7 5 
1 7 7 . 9 1 
1 7 0 . 6 3 
l i n . ' + S 1 0 4 . 7 6 1 0 9 . 6 9 9 7 . ^1 9 4 . b 6 
I t . . . ; 5 1 1 ' 4 . 2 6 M - . . 2 9 I n ? . 5 9 9 0 . 1 0 
2 6 . . > 6 1 ? 4 . U 4 1 1 7 . 4 6 1 1 0 . 0 6 1 0 3 . 3 5 
8 2 * 7 5 
8 7 . 4 5 
R 9 . 4 7 
9 0 . 9 7 
b 3 . u 6 
9 5 . 9 0 
3 2 . 1 5 
0 6 . 0 2 
8 6 . 9 7 
8 7 . 0 5 
6 6 . 6 4 
9 0 . 4 5 
8 2 . 2 9 
B 3 . 7 i 
6 4 . 6 f , 
8 9 . 6 ? 
b n . 7 3 
6 6 . 4? 
8 1 . 8 9 
0 3 . 6 8 
8 4 . 2 4 
8 ° . " 4 1 2 
0 2 . "4 11 
8 ^ . i ^ 7 10 
0 5 . 5 4 8 ^ . 1 'i 
8 6 . '4 3 8 ' i . . ' 7 
R7.65 6'» .< 4 
3 6 . 2 8 1 3 5 . Med l 2 o . 6 3 1 1 7 . 0 1 1 0 8 . 9 5 9 9 . 5 9 9 U . 6 9 8 7 . 9 ; } 8 8 . 3 8 8 5 . « > b 
4 9 . j 9 14 7 , 1 1 1 3 ? . 7 6 1 2 5 . 8 1 1 1 4 . 1 3 I n 6 . b 9 1 0 8 . 3 2 1 0 2 . 3 9 Q 3 . 1 7 0 7 . 7 1 
5 9 . 2 0 1 9 7 . 4 4 l u 8 . 5 ' t 1 3 5 . 3 0 1 2 1 . 0 8 H 4 . 4 2 1 1 8 . 6 9 1 1 1 , . 4 5 f > b . 6 4 8 » . ^ b 
6 7 . 4 . i 1 6 6 . 3 9 1 5 6 . 0 7 1 4 4 . 2 6 l ? 9 . j 4 t l 9 . 7 b 1 1 5 . 5 8 l O h . 4 7 9 b . 9 0 0 P . ^ 8 
7 ! , . 4 7 1 7 4 . 1 7 1 6 5 . 6 5 1 5 2 . 3 b l 3 7 . u 4 1 ? 6 . 3 6 1 1 9 . 3 8 1 0 8 . 9 3 b 9 . l 7 8 n . p ? 
' V . J L . 1 M 0 . 9 2 1 7 * . 3 5 1 5 9 . 5 1 1 4 5 . 4 ? 1 3 2 . i > 0 1 2 1 . 1 b 1 0 9 . »•«, 1 0 0 . 9 6 8"-. " 5 
8 7 . o 7 lH5 . f ->b 1 7 7 . 7 / l o 5 . 3 9 1 5 1 . 9 6 1 3 8 . 5 6 1 2 3 . 1 1 l l o . l H 1 0 3 . 6 5 9 0 . f 9 Cf.NTLK L I N E 
9 u . 4 V 1 8 8 . 5 7 
9 2 . . . 2 1 9 0 . 4 7 










IM..1I.' 1 H 9 . 7 U 1 8 4 . 0 ? 1 7 5 . Q 1 
9 2 . (j5 1 H 6 . ? 4 l n i . 9 8 1 7 5 . 1 6 
» ^ 9 . 4 9 1 8 3 . 2 b 1 7 8 . 4 0 1 7 . 3 . 6 3 
6 5 . 9 7 1 7 8 . 8 3 1 7 4 . 0 * . 1 7 0 . 0 5 
o l . o 9 1 7 1 . 7 6 1 6 7 . 7 ^ l b 6 . l l 
7 6 . 2 9 1 ^ 4 . 9 7 1 ( i , ] 8 l b O . 9 7 
7 0 . 9 1 1 5 7 . 7 4 1 5 4 . 0 9 1 5 5 . 5 7 


































































9 0 , 7 2 
9 0 . 1 9 
9 0 . / , 3 
91. r .3 
9 1 . 6 3 
9 1 . f() 
9 1 . to 
91. f . ( j 
9 1 . M J 
9 1 . f O 
9 1 . M i 

















Table G18. Fluid Temperature (C) versus Position (in units of 0.025 mm) 
(Fluid Nl, Load = 215N, P = 1.51 GPa, V, = 2,54 m/s, V =* 0, T\ = AOC) 
H b sa bath 
1ULF7 1 2. 3 4 5 f, 7 b 9 10 11 12 
1 - 7 . J £ ; 1 S 7 . 3 1 1 6 ? . 4(1 l b 4 . i . 9 l ' i f .f 2 J 3 5 . 0 7 1 2 ? . 6 0 1 1 6 . 6 3 l ? 3 . u b 1 1 9 . b b 1 1 1 . Ub 1 0 7 . 1 3 1 0 6 . i - b 12 
1 r . 9 . So l o ^ . 3 l 1 7 3 . 7 9 I D o . 9( 1 S 4 . 7 4 1 '4 4 . 8 6 U . 5 . b 7 1 2 4 . 74 1 ? 9 . 2 3 1 2 7 . 2 0 l l n . 7 l 1 0 9 . 6 2 1 0 ° . J 3 11 
1 M 3 . ' 0 1 7 9 . 9 7 1 8 3 . 2 1 1 7 S . o 4 1 6 r « . 4 9 l b > . . M 9 1 4 6 . U 1 3 8 . 2 8 1 4 3 . b 3 1 3 5 . 8 M 1 2 3 . 6 1 1 1 3 . 2 8 m . < b 10 
l 4 < ' , 2 4 l t i r a .L 4 * 1 8 7 . 6 b i U11 . J / 1 7 1 . 3 d 1 7 1 . 0 8 l b b . 4 3 T i b . 4 7 1 « S 7 . 4 9 1 4 b . 1 2 1 2 4 . 2 4 1 1 7 . b 2 1 1 7 , » 5 9 
2 i . 2 .».<> 1 9 , . u l 1 9 4 . 8 9 1 w u .>7 1 7 8 . 0 1 1 7 b . 3 7 1 7 7 . 6 9 1 7 2 . 1 / 1 1 8 0 . 3 9 1 6 9 . 3 b 1 3 / . 5 4 I P S . 0 1 1 2 ° . < : 0 8 
? » • ; * . 8 , , I 9 u . f ) 9 | 9 9 . 7 i < 1 9 ? . 73 l b 2 . J 4 i a ? . b f > 1 6 5 . 1 5 1 8 2 . a ? 1 8 6 . u 2 1 / 7 . 0 3 l b t . . 4 H 1 4 3 . 3 0 1 2 ° . f 4 7 
2 ) S . b b 2U<±.bO ? 0 S . 1 0 1 9 4 . . i ' l 1 . ( 2 . 4 1 l O b . b n 1 9 4 . 3 1 1 9 0 . H 9 1 9 0 . 2 5 l b B . 4 7 1 7 n . 2 4 1 5 9 . 4 5 l 3 7 . « o 6 
2 ^ 1 . ? ^ i 2 0 9 . 3 3 2 1 1 . 0 1 1 9 9 . :><! ]Mb.14 1 ^ 4 . b n ? 0 2 . 2 l I 9 8 . b 3 1 < > 2 . 3 2 1 8 0 . 9 4 1 7 - , . 9 7 1 6 9 . 0 0 J b ^ . ^ b 5 
< V ' b . 1 4 2 1 S . U 7 ? I f , . 7 J ^ U ' i .
l i 9 i n ? . 4 * + l ( , 9 . 7 9 2 0 8 . 7 4 ? 0 5 . 7 4 I 9 b . b b 1 / 7 . ? 4 1 7 3 . 6 7 1 7 3 . ? 7 1 6 7 . , . q 4 
2.') 1 . '.">:j 2 1 9 . o 1 2 2 1 . 7 0 P l P . u 3 1 9 7 . 9 1 2 f i 3 . ; ' 4 2 1 4 . 1 3 2 1 1 . 0 1 2 n 2 . b b 1 9 2 . b 6 1 6 6 . b p 1 8 4 . 2 1 1 6 7 . ; . 3 3 
2 V . . . 7^ ^ J . l o P 2 S . 3 7 • • 1 5 . 9 5 2 0 3 . 0 b ? P M . 0 < > 2 1 8 . 0 b 2 1 5 . 3 ? ^ n 7 . 7 9 1 9 9 . 9 3 1 9 3 . 2 9 i n n . 7 3 1 7 2 . - 8 2 
2 u . ) . s / 2 2 7 . 4 b 2 2 b . 1 9 ^ l ' J . ' i O 2 0 6 . 9 8 2 I ? . 6 ° 2 P 1 . 6 6 2 1 9 . 2 1 2 i 2 . 7 0 2 0 0 . 7 4 1 9 9 . 2 4 1 0 1 . 8 6 1 7 2 . T 2 1 
2w ^ . 2 4 2 3 j . 7 6 2 3 ? . b 9 ; > 2 4 . _ ) 1 c l 2 . 6 7 2 1 . . . 3 3 2 ? 4 . 1 9 2 2 1 . 5 2 2 i 5 . b 9 2 1 2 . 0 b 2 0 4 . 9 5 1 ^ 4 . 4 0 1 7 1 . ^ 8 CI. 
2 H 4 . 9 3 2 . 3 4 . Ub ? 3 b . 7 2 • 2 9 . 72 2 1 4 . 1 8 2 1 8 . 3 2 2 2 4 . 3 3 2 2 2 . 5 2 2 l 8 . 3 b 2 1 7 . 3 0 2 1 0 . 5 5 1 ^ 8 . 0 0 1 7 1 , - 0 1 
^ ^ . 7 ^ ,i 5 o . j b P 3 7 . 8 3 • 3 3 . 3 4 ? ? 5 . n 9 2 P P . 1 < 2 2 4 . 9 5 2 2 3 . 8 8 2 P l . « : 7 2 2 U . 6 3 2 1 3 . 7 7 2 P U . 9 4 1 7 1 . n b 2 
2 4 4 . cvj 2 3 b . b ^ • 3 < . 4 b , - 3 5 . 9 / 2 P 9 . 8 3 2 2 b . 8 6 2 P 6 . 1 4 2 2 3 . 6 0 2 2 2 . 9 U 2 ^ 3 . 1 9 P l b . 5 7 2 0 3 . 6 0 1 6 6 . <> 3 3 
2 4 2 . b u 2 3 o . 7 l ? 3 ; > . b 7 >39.u0 2 3 5 . 0 4 2 3 0 . 3 3 2 ? * . 1 4 2 2 2 . o O 2 ? 2 . 9 3 2 2 1 . S O 2 I S . 6 6 1 ^ 7 . 9 4 1 7 1 . r l 4 
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ASPERITY LOAD SHARING CALCULATION 
Tallian's [135,136] partial EHD theory is used for calculating the 
ratio W „n/W„YT^,where W „. is equal to the portion of load carried by asper-a,Ex, EHD a,E& 
ities undergoing elastic deformation. Only elastic deformation of the 
asperities is considered, because of two reasons: (1) plasticity index 
calculated using Greenwood and Williamson's [55] theory was around .3, which 
indicates small amounts of plastic deformation of asperities (2) for lowAvalues 
Ithe assumption of elastic deformation gives lower values for the ratio 
p./W^- which then means a higher estimate on W____. 
a,hx, hnU hitiD 
Wa,E« . E'°9 I(q ' a ) 
w EHD 4*2 PH * 2 $ 
nd, W E H D = W/(l + <W / W ^ ) ) . 
here, a = 10, assuming a reasonable spread in power spectrum of the surface 
I & i|>2, given by Tables VI and VII pages 257 and 258 of Ref. 136. 
(Intermediate values were estimated) 
u 
A = — , Computed from measured values of h and (estimates where 
h was not known) 
a = .0349 and .122 corresponding to 0 = 2° and 7° - a practical 
range of values for 6 
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8 = inclination of the asperity flank with the mean surface, rad 
a = tangent 9 
8 
a = Number indicating the spread of power spectrum 
(a = 1 for spectrum of single frequency 
a = °° for spectrum extending over all frequencies) 
Ŵ ,,. portion of load carried by EHD film, N 
titiD 
P_u_ EHD load divided by contact area, GPa 
P Average Hertz pressure; GPa 
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APPENDIX I 
FERROGRAPHIC AND SPECTROGRAPHIC OIL ANALYSIS TECHNIQUES 
1. Ferrographic Oil Analysis Technique 
Ferrography is a technique developed to separate wear debris from the 
lubricant and arrange the particles according to size on a transparent sub-
strate for examination in an optical or scanning electron microscope.. The 
scientific principles underlying this technique have been well described in 
references [155-159]. 
The Ferrograph analyzer used in this technique consists of a pump 
3 
to deliver an oil sample at a low rate (.2 cm /mm), a magnet to provide a 
high gradient magnetic field near its poles and a treated transparent sub-
strate on which the particles are deposited. The magnetic particles adhere 
to the substrate and are distributed approximately according to their size. 
Ferrogram which is the substrate with deposited particles, is approximately 
50 mm long. The largest particles (up to a few hundred microns) appear at 
entry (55-56 mm position). As the oil flows down the ferrogram, the size of 
the particles reduces continuously until only submicron particles are 
deposited near the exit and (10 mm position). The deposit in addition to 
containing magnetic particles of metals such as iron, nickel, cobalt, also 
consists of various paramagnetic alloys nonferrous metals and oxides. 
The optical densities of the deposit at various places along the fer-
rogram may be observed with a ferrogram reader (a densitometer) to give 
the amount and size distribution of the particles. Optical density 
expressed as percent area covered is used for preliminary analysis. 
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A unique instrument called the Ferroscope which is essentially a 
bichromatic microscope can be used to identify the nature of particles on 
the ferrogram. Red light is employed for reflected light and green light 
is employed for transmitted light. This technique provides a good color 
contrast and a color distinction between metals and compounds. 
A scanning electron microscope can also be used to study the particles 
deposited on the Ferrogram. 
2. Spectrographs Oil Analysis Technique 
Emission spectrographic oil analysis technique has been used quite 
extensively for detection of abnormal wear. This method commonly called 
SOAP analysis yields the wear debris concentration in ppm . Light projected 
through the vaporized sample is dispersed by a diffraction grating. Photo-
multipliers tubes, each sensitive only to the light wavelengths character-
istic of a particular element, generate a signal proportional to the light 
eceived. 
3. Oil Sampling for Wear Debris Analysis 
All oil contacting parts in the EHD apparatus were washed with ace-
one, dried, and rinsed with distilled water. Then all parts were washed 
ith a dilute acid solution. This solution was prepared by adding 10 drops 
f concentrated nitric acid and 10 drops of concentrated hydrochloric acid to 
3 
0 cm of distilled water. This solution dissolved any metallic debris 
eft from the previous test. The parts were then rinsed with distilled 
ater, a dilute sodium bicarbonate solution, distilled water again, and 
inally with 95 percent ethanol. 
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Care was taken not to introduce any extraneous particles while 
taking out oil samples. Settling of wear debris to the bottom of the 
reservoir, was not a serious problem since several minutes of settling 
time [160] are required for particles 5 ym or less in size. 
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